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The availability of an assay system for easily testing the functionality of normal 
and modified macromolecules is valuable in structural biology for experimental 
analyses of their function. My work was aimed at developing such systems in the 
model fish medaka (Oryzias latipes) by generating and utilizing two independent 
systems. One is the generation of first haploid embryonic stem (ES) cells as an in 
vitro system, which has recently been reproduced in mouse. The other is the 
understanding and manipulation of primordial germ cell (PGC) formation in early 
madaka embryos as an in vivo system. 
The PGC system has become possible because of the identification of a 
limiting factor for PGC formation in vivo and in vitro. dead end (dnd) encodes an 
RNA-binding protein namely Dnd which was found to be necessary for PGC 
formation, as dnd knockdown entirely prevents the PGC appearance. Moreover, 
dnd overexpression was found to be sufficient to induce additional PGCs, 
demonstrating its unique role in determining the PGC number in medaka. 
Intriguingly, blastomeres from 64-cell embryos were found to be capable of single 
cell cultivation and more importantly, capable of PGC formation in culture, 
demonstrating that medaka PGCs are specified cell-autonomously. Lineage 
tracing in single cell culture revealed the presence of ~8 PGC precursors in 
medaka embryo at the 64-cell stage, which is increased to ~14 upon dnd RNA 
injection, revealing that dnd increases PGCs via increasing PGC precursors rather 
than PGC proliferation and/or survival. My work also shows that altering dnd 
expression enables efficient germline chimera production and complete germline 
replacement. Hence, medaka dnd acts as a limiting factor to control germ cell 
specification. 
 IX 
Furthermore, my work demonstrated that the medaka dnd RNA forms 
prominent cytoplasmic particles that co-segregate during cleavages into a small 
number of randomly positioned cells, some of which will become PGCs until 
early gastrulation. Similar to its RNA, the Dnd protein is also capable of 
asymmetric distribution and forming cytoplasmic particles in embryos prior to 
PGC formation. A polyclonal anti-Dnd antibody (!Dnd) was generated in the rat 
for specifically detecting protein expression and localization. 
Dnd has six conserved domains, four of which are at C-terminal. 
Interestingly, two Dnd mutants with C-terminal deletions lose the ability to form 
cytoplasmic particles and to induce or rescue PGC formation. Strikingly, two 
other Dnd variants containing a single point mutation each, namely F81L and 
N86K within the RNA recognition motif, show considerably differences in 
activity. F81L displays compromised particle formation (~10% of the wildtype 
Dnd preotein) and partial PGC-rescuing activity in dnd-depleted embryos, 
whereas N86K fully maintains particle formation but loses rescuing activity. 
Collectively, the unique feature of dnd gene products forming prominent particles 
might contribute to a novel mechanism of asymmetric segregation to determine 
the number of germ cell precursors. 
These results convincingly demonstrate that the function of the Dnd 
protein can be verified in an in vivo system, as evidenced in this work, by live 
visualization of PGC formation in medaka. 
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CHAPTER 1: INTRODUCTION 
Introduction 
 2 
1.1 Infering from Structural to Functional Studies 
The elucidation of proteins’ structure-function relationships is one of the major 
challenges in structural biology and medicine (Montelione and Anderson, 1999). 
Sequence similarity helps to establish gene families and subfamilies and to 
identify putative functional homologs (Altschul et al., 1997). This approach 
targets less than 50% of predicted proteins (Hvidsten et al., 2009). There are also 
many cases where proteins do not show a high sequence similarity but have a 
similar structure. It is widely accepted that structural information may provide a 
solution to novel proteins or isoforms (Kinoshita and Nakamura, 2003; Skolnick 
and Fetrow, 2000). It is an ultimate goal to systematically solve protein structures 
and use those structures to infer function (Murzin and Patthy, 1999; Skolnick and 
Fetrow, 2000). Approaches to the analyses of protein structure-function 
relationships rely on either global (fold) or local similarities (motifs) (Orengo et 
al., 1999; Thornton et al., 2000). A final proof on the structure-function 
relationships has to come from experimental analyses of proteins’ 
activities/functions in a living cell as an in vitro system or a developing embryo as 
an in vivo system, where a phenotype can easily be seen upon the manipulation of 
that protein in expression and structure. This thesis work was aimed at the 
development of two such systems, one in vitro system and one in vivo system. The 
in vitro system is on the basis of generation of first haploid embryonic stem (ES) 
cells in the fish medaka. The in vivo system is on the basis of understanding and 




1.1.1 Generation of Haploid ES Cells as an in vitro system 
Haploidy, the presence of a single genome or chromosome set per cell like the 
yeast (Botstein and Fink, 1988), is an excellent system for genetic analyses of 
molecular events, because any recessive mutations of genes essential for e.g. 
tumor suppression and pluripotency will show a clear phenotype in the absence of 
a second gene copy. Embryonic stem (ES) cells are an excellent system for 
experimental analyses of cellular and developmental events in vitro (Gurdon and 
Melton, 2008). Haploid embryonic stem (ES) cells combine haploidy and 
pluripotency. We derived five haploid ES cultures from gynogenetic medakafish 
embryos and generated three haploid ES lines capable of forming pure haploid ES 
clones and retaining pluripotency and competitive growth. Diploidization indeed 
occurred but disappeared without overgrowing haploidy. We show that long-term 
haploid ES cultures even after genetic engineering were capable of germline 
transmission upon nuclear transfer into non-enucleated oocytes, offering a 
powerful reproductive technology. Clearly, haploidy can support stable growth, 
pluripotency and genetic integrity in culture. Amazingly, mosaic oocytes 
comprising mitotic and meiotic nuclei can generate fertile offspring. These 
haploid ES cells will provide a unique yeast-like system for analyzing recessive 
phenotypes in various cell lineages. This work has recently been reproduced in 
mouse (Elling et al., 2011; Leeb and Wutz, 2011). For details of this work see the 
original paper appended. To this 3-authors work, I was 2
nd
 coauthor and 
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performed cell culture, gene expression analysis, chimera formation and genetic 
crossing. 
1.1.2 PGC Development as an in vivo System 
PGC development was chosen as an in vivo system, because it fulfills several 
advantages for experimental analysis (Wylie, 1999). First, PGC development 
represents one of the earliest events during embryogenesis, enabling phenotypic 
observation as early as possible. Second, PGCs can easily detectable during 
dynamic processes of embryognesis, enabling precise and quantitative data 
analyses. Third, specific ablation or perturbation of PGC development has no or 
minimal adverse effect on somatic development, enabling experimental analysis 
of direct functions of the proteins concerned. Understanding of PGC formation 
and its exploitation as an in vivo system for structure-function analysis will 
represent the second focus, which is presented below. 
1.2 PGC Development 
A new life starts with the fusion of an egg and sperm, the products of germ cell 
differentiation. PGC are immortal because they are capable of generating gametes 
for germline transmission from generation to generation. Genetic breeding and 
engineering is based on the manipulation of PGCs. Species continuity and 
evolution relies on the germline transmission from generation to generation. Many 
reproductive defects like human male infertility are ascribed to germ cell 




Upon fusion of the egg and sperm during a process called fertilization, the 
resultant zygote undergoes a series of mitotic division and produces a large 
number of cells that differentiate into two major lineages: the somatic lineage 
(soma) and germline. The soma is responsible for generating various 
tissues/organs supporting the individual life from embryonic development to 
adulthood. The germline is solely dedicated to gamete production to transmit 
genetic information to the next generation. Genetic and molecular analyses of 
germline development in Drosophila, zebrafish and mouse provide important 
insights into the mechanisms underlying germ cell fate and migration. PGCs often 
have to migrate along complex routes through and along diverse tissues until they 
reach the somatic part of the gonad to enable the formation of the embryonic 
gonad. Upon individual maturation, PGC undergo proliferation, differentiation, 
meiosis and post-meiotic progression into eggs in the female ovary and sperm in 
the male testis. These complicated processes are rigidly regulated by precisely 
controlled molecular and cellular mechanisms.   
Germline development involves multiple processes, ranging from PGC 
formation/specification over migration to gametogenesis and/or gamete 
functionality. In many animal species, the germline is usually segregated from the 
somatic lineage early in embryonic development (Wylie, 1999). This segregation 
demarcates the onset of PGC formation or specification. Once specified, PGCs 
migrate through a route of somatic tissues and enter the developing gonad where 
they become gonadal PGCs.  In a coordinated control over survival and 
Introduction 
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proliferation, gonadal PGCs in the adult gonad (ovary and testis) undergo 
gametogenesis (i.e. oogenesis and spermatogenesis), producing female gametes 
(eggs) in male gametes (sperm). PGCs differ from the cells that compose the body 
in that they can give rise to a new generation. Extensive mechanisms control how 
and when PGCs are set aside from the somatic cells and how they are maintained 
during development until differentiation into sperm and egg.  
1.3 Modes of PGC Specification  
In many animal species, the germline is established when PGC specification takes 
place, the first step in germline development. Two modes of PGC specification 
operate in different organisms, preformation vs. epigenesis (Extavour and Akam, 
2003). Preformation dominates in non-mammalian species, including Drosophila, 
C. elegans, zebrafish and Xenopus. PGCs are specified by a nucleoprotein 
structure called germ plasm, the maternally inherited cytoplasm that prelocolizes 
or asymmetrically segregates. Germ plasm effectively turns off gene expression to 
render the genome of the cell inert. In contrast, epigenesis prevails in mammals 
where PGCs are inducted from pluripotent cells by signals from surrounding 
somatic tissues. Figure 1.1 schematically illustrates the process of PGC 
specification in C. elegans (Figure 1.1A), Drosophila (Figure 1.1B) and the 
mouse (Figure 1.1C). 
 It has been proposed that the selective advantage that drives the emergence 
of germ plasm in vertebrates is the disengagement of germline specification from 





Figure 1.1 PGC development in C. elegans, Drosophila and mice. (A and B) 
Anterior is to the left. (A) In C. elegans, the germ plasm (pink) becomes 
asymmetric in the zygote and segregates specifically to the germline blastomeres 
P1-P4. Z2 and Z3, the daughters of P4, become PGCs, and move inside the embryo 
in close association with intestinal cells (yellow). Later they are joined by Z1 and 
Z4, the founder cells of the somatic gonad. (B) Drosophila: germ plasm (pink) is 
assembled during oogenesis and preformed in the posterior pole region of eggs. 
Pole cells incorporate germ plasm, and are carried inside the embryo during germ 
band extension, pass through the midgut epithelia (yellow) into the hemocoel, 
migrate toward mesoderm (green), and then coalesce with somatic gonadal cells 
to form the embryonic gonads. (C) The anterior-posterior axis of mouse embryos 
is established by the anterior visceral endoderm (AVE). During embryonic day (E) 
6.25-6.5, extra-embryonic signals promote four to eight proximal epiblast cells to 
activate Blimp1 expression (pink). These cells migrate to an extra-embryonic 
location and by E7.25, have proliferated to form ~40 alkaline phosphatase-
positive PGCs that are present at the root of the allantois. These PGCs migrate 
back into the embryo in association with the hindgut (yellow) to eventually 





Figure 1.2 Germ plasm evolution. In vertebrates the evolution of germ plasm is 
correlated with increased numbers of species within individual lineages, when 
compared with sister taxa that do not contain germ plasm. In contrast, 
pluripotency has been conserved in the major trunk of chordates, and is associated 




1.3.1 PGC Preformation 
1.3.1.1 PGC Specification in Invertebrates 
PGC development has most extensively studied in several model organisms. The 
best is Drosophila, where PGCs are formed at the posterior pole of the embryo, in 
which cytoplasmic factors called polar plasm or germ plasm is localized (Figure 
1.3B). The embryo undergoes rapid nuclear divisions without cytokinesis, 
forming a multinucleate syncytium before blastoderm formation until the 13
th
 
nuclear division by ~3.5 h after egg laying (AEL). As early as ~1.5 h AEL, ~10 
nuclei migrate into the posterior pole. After the 9
th
 division, the plasma membrane 
becomes invaginated first at the posterior pole to enclose individual nuclei, 
leading to the formation of PGCs or pole cells in this organism (Figure 1.3A and 
C), the founder of the germline. PGCs undergo up to two rounds of division 
(Figure 1.1B). Germ plasm is a membraneless cytoplasmic structure rich in 
mitochondria (Figure 1.3C). Germ plasm transplantation to the anterior of the 
embryo leads to the formation of functional PGCs, demonstrating that germ plasm 
is sufficient to specify PGCs cell-autonomously even at ectopic sites (Ephrussi 
and Lehmann, 1986). Therefore, the prelocalized germ plasm determines PGC 
preformation in this organism.  
The Drosophila germ plasm is a nucleoprotein complex and contains the 
RNA and protein products of the posterior group genes oskar, nanos gene, tudor, 
vasa and valois (Figure 1.3B). These germ plasm components are maternally 
synthesized and deposited into the egg. Female flies homozygous for mutations of 
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any of these genes produce germ cell-less progeny. Importantly, oskar 
overexpression can increase the number of PGCs by up to ~4 fold, and 
mislocalized oskar expression can induce PGC formation even at the anterior 
(Ephrussi and Lehmann, 1992). Therefore, oskar alone possesses the essential 
function of germ plasm because of its ability to determine the number and position 
of PGCs.  
Oskar functions by recruiting other germ plasm components necessary for 
PGC formation. Of the germ plasm genes, vasa, tudor and nanos are necessary for 
oskar-induction of ectopic PGC formation. Among them, nanos is essential for 
the posterior segment and later for germ cell identity and migration (Lehmann and 
Nusslein-Volhard, 1991). nanos mutants show defects in abdominal patterning 
and PGC migration (Kobayashi et al., 1996), as well as cell division (Deshpande 
et al., 1999). In contrast, vasa encodes an ATPase-dependent RNA helicase. vasa 
colocalizes with oskar and controls oskar translation (Lasko, 2011). The tudor 
protein product is responsible for the cytoplasmic export of mitochondrial 
ribosomal RNAs necessary for PGC formation (Thomson and Lasko, 2004). 
PGCs differ from their surrounding somatic cells in transcriptional activity. 
Specifically, transcription starts as early as 1 h AEL in the soma but not detectable 
in PGCs until 3.5 h AEL. Transcriptional quiescence is necessary for PGC 
formation but independent of the surrounding somatic tissue, because ectopic 
germ plasm transplantion or oskar mislocalization is sufficient to repress 
transcription in ectopic parts of the embryo. In C. elegans, germline transcription 
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is initially repressed via Pie-1-mediated repression of RNA polymerase II activity. 
Pie-1 is required to maintain a germline fate suggesting that transcriptional 
repression is required for PGC specification in this species (Seydoux and Strome, 
1999). The active, phosphorylated form of RNA polymerase II is also absent in 
early Drosophila PGCs, but only detectable when the cells become globally 
transcriptional competent (Blackwell, 2004).  
As a summary, the preformation mode requires cells destined to become 
PGCs inherit specific PGC determinants present in the germ plasm of the egg. 
These germ plasm components are maternally-derived to determine the PGC fate, 
and transcriptional repression is active in early germline development (Nakamura 
and Seydoux, 2008). 
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Figure 1.3 Germ plasm of Drosophila. (A) A Drosophila embryo just prior to 
completion of cleavage. The pole cells can be seen at the right (the posterior pole). 
(B) A Drosophila embryo with staining of a germ plasm factor at the posterior 
pole. (C) Electron micrograph of polar granules from a particulate fraction of 
Drosophila pole cells. (adopted from Developmental Biology. 7
th
 edition, page 







1.3.1.2 PGC Specification in Lower Vertebrates 
Zebrafish represents a lower vertebrate model in which PGC development has 
been best been studied. In this organism, a first vertebrate homolog of the 
Drosophila vasa was cloned, which provides the first marker to analyze PGC 
formation (Raz, 2003). As in Drosophila, vasa RNA is maternally supplied and 
included within electron-dense nuage particles in zebrafish (Figure 1.4B and C), 
compared to the posterior localization in Drosophila. vasa RNA localizes to the 
edges of the cleavage planes in 2- and 4-cell embryos, and segregates 
asymmetrically during subsequent divisions (Figure 1.4). Through asymmetric 
division, only four cells - PGC precursors - inherit vasa RNA. At the sphere stage 
(stage 13), the vasa-containing cells divide symmetrically to give rise to four germ 
cell clusters that are positioned independently of the embryonic axis (Figure 1.4A 
and F). It is vasa RNA but not its protein that co-segregates with PGCs (Knaut et 
al., 2000). Only PGCs that show zygotic vasa RNA transcription contain germ 
plasm - nuage particles under an electon microscope (Figure 1.4B and C). Unlike 
in Drosophila and C. elegans, transcriptional quiescence is both absent and 
unnecessary for the PGC fate decision in zebrafish (Knaut et al., 2000; Starz-
Gaiano and Lehmann, 2001).  
 In zebrafish, gene knockdown has widely been used to analyze PGC 
development. Knockown of all genes studied so far, including nanos, vasa and 
dead end (dnd), none does prevent PGC formation but affect subsequent PGC 
development ranging from reducing the PGC number to defects in PGC migration 
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and/or survival. Recently, bucky ball (buc) has been identified as the first gene 
necessary and sufficient for germ plasm organization in vertebrates. A germ plasm 
defect in buc mutants precedes the loss of polarity (Bontems et al., 2009). 
Overexpression of buc seems to generate ectopic PGCs in the zebrafish embryos. 
Moreover, buc is exclusively expressed in the ovary. After fertilization, Buc 
localizes to the cleavage furrows of the first two cell divisions. Interestingly, 
whereas Buc protein colocalizes with the germ plasm during oogenesis and 
embryogenesis, the RNA is only localized to the Balbiani body (BB) during 
oogenesis but ubiquituitous in the embryo (Bontems et al., 2009). BB - 
resembling the germ plasm forming a distinct cellular structure such as pole plasm 
in Drosophila - is an aggregate of organelles also found in mammals during 
oogenesis (Kloc et al., 2004; Marlow and Mullins, 2008). Since buc localizes to 
the BB, there it is proposed to act molecularly upstream to recruit germ plasm 
components, including nanos, vasa and dazl mRNA. In a model it is also expected 
to inhibit the premature localization of others and its own mRNA to the animal 
pole. In buc mutants, the buc RNA was not localized to the BB during early 
oogenesis implicating buc RNA being under tight posttranscriptional control in 
oogenesis (Bontems et al., 2009). Altogether, buc is the first gene to be involved 














Figure 1.4 PGC Specification in zebrafish. (A) Schematic summary of zebrafish 
germline development during early embryogenesis, based on the distribution of 
vasa RNA. vasa RNA is first detected along the first two cleavage planes (black 
arrows), then condenses into four subcellular clumps by the 32-cell stage (black 
arrows). These four clumps segregate to four cells before and during the 1k-cell 
stage. By the 4k-cell stage, the cells that inherited vasa RNA are PGCs and have 
begun to divide and vasa RNA is located throughout the cytoplasm. (b,c) 
Electron-microscopy sections of four-cell-stage embryos stained for vasa RNA. 
vasa RNA is confined to an electron-dense structure (white arrow) that resembles 
those found in many organisms that rely on germ plasm for PGC specification. (d) 
In 512-cell-stage embryos, the dividing cells segregate vasa RNA (green) to only 
one daughter cell (DNA shown in blue). (e) During asymmetric segregation, vasa 
RNA is always co-localizing with one of the two CENTRIOLES ("-tubulin shown 
in pink). (f) In sphere-stage embryos, vasa RNA (green) is equally distributed to 





PGC epigeneisis occurs in mice and by analogy, other mammals, where the PGC 
fate is specified in the absence of maternally derived determinants. Here, a few 
cells of the early embryo are induced into PGCs by signals from neighboring cells. 
In mouse, PGCs form at the border between epiblast und extraembryonic tissues. 
At this stage, PGCs are indistinguishable by strong alkaline phosphotase staining 
(Figure 1.5 Left). There here is no evidence for maternal inheritance of any germ 
plasm components for PGC formation. For example, vasa and nanos identify 
PGCs in zebrafish, Xenopus and Drosophila, but are not expressed at all in mice 
until the completion of PGC migration.   
 Heterotopic transplantation experiments in mice show that even distal cells 
are able to give rise to PGCs upon grafted to the proximal epiblast at E6.5, while 
proximal epiblast cells transplanted distally will not become PGCs but instead 
leads to distal cell fates (Figure 1.5 Right). This clearly demonstrates that the PGC 
fate is not yet determined by E6.5, and that PGCs are induced by the surrounding 
tissues (Tam and Zhou, 1996). Indeed, bone morphogenetic proteins (BMPs) 
produced in the extraembryonic ectoderm are required for PGC induction 
(Lawson et al., 1999). BMPs are members of the TGF-" superfamily of 
intercellular signaling molecules. Mice heterozygous for Bmp4 have a reduced 
number of PGC. Homozygous null mice lack PGCs and allantois (Lawson et al., 
1999). Bmp8B deficient mice also exhibited a dose-dependent reduction in PGCs, 
and Bmp4/Bmp8B double heterozygotes have a phenotype similar to the Bmp4 
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heterozygotes, suggesting that the two molecules may function together to induce 
the PGC fate (Ying et al., 2001). Culture experiments with E6.5 epiblast cells 
further suggest that signaling from the extraembryonic ectoderm, possibly via 
BMP4/8, may be sufficient for PGC specification (Ying et al., 2001).  
 PGC specification in mice accompanies the onset or restriction of germ 
cell-specific gene transcription. Gene expression controlled by the Oct4 promoter 
begins in PGC as early as E7.0 (Fuhrmann et al., 2001).  As expression from this 
promoter is widespread at earlier stages, it has been suggested that Oct4 
expression becomes successively restricted to PGCs (Matsui, 2010). In 
Drosophila or C. elegans, PGC specification coincides with repression of global 
gene expression. Repression of global gene expression seems to be absent for 







Figure 1.5 PGC induction in mouse. (Left) PGCs positive for alkaline 
phosphatase
 
staining (arrowhead) are located in the proximal epiblast at the base 
of the allantois. (Right) Transplantation of cells in the early (E6.5) mouse embryo 
from the proximal epiblast (labeled PGC/Allantois Precursors, white circles) to 
the distal part of the embryo gives rise to neural ectoderm cell types (red circles, 
top right). Transplantation of distal cells to the proximal epiblast results in PGCs 
and allantois tissues (bottom right). BMPs act in the extraembryonic ectoderm to 




1.4 Species-specific PGC Number  
The number of PGCs at specification is precisely determined, in a species-specific 
manner. Diverse mechanisms contribute to the control of the PGC number. This 
number is 1 in C. elgans (Brenner, 1974), 10~15 in Drosophila (Lehmann and 
Nusslein-Volhard, 1986), ~8 in mouse (Ginsburg et al, 1990) and 4 in zebrafish 
(Knaut et al., 2000). In C. elegans, there is only a single PGC that undergoes 
asymmetric cell divisions to produce 4 founder cells of the somatic gonad (Figure 
1.1A). In Drosophila, the germ plasm is assembled during oogenesis and 
preformed in the posterior pole region of the egg. About 10~15 pole cells 
incorporate the germ plasm and become PGCs (Figure 1.1B). In mouse, ~8 PGCs 
are induced by the surrounding tissues in the presence of signaling molecules such 
as Bmp4 (Figure 1.1C). In zebrafish, 4 PGCs are characterized by the inheritance 
of vasa RNA (Figure 1.5A). 
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 1.5 Medaka as a Model for Germ Cell Biology  
Medaka (Oryzias latipes), a small laboratory fish, is a lower vertebrate model for 
analyzing development (Wittbrodt et al., 2002). Its embryos are transparent and 
develop externally and quickly. PGC formation occurs early in development. 
These PGCs are easily detectable because of its large size, particular locations (Li 
et al., 2009) and more importantly, several markers that identify PGCs (Liu et al., 
2009; Xu et al., 2009). There are transgenic lines that have GFP- or RFP-labeled 
PGCs, allowing for unambiguous detection of PGCs in a living embryo (Li et al., 
2009). Changed protein structures/activities may have a clear PGC phenotype 
already at early stages.  
In medaka, PGCs are first discernible at the early blastula stage as having 
clumps of nanos mRNA within their cytoplasm (Figure 1.6). Whether PGCs are 
actually specified at an earlier stage is controversial, as in zebrafish the PGCs are 
predetermined already in four-cell-stage embryos (Herpin et al., 2007). Around 10 
PGCs are randomly distributed near the animal pole, and remain there until 
migration begins at the onset of gastrulation. Two differences exist between those 
two teleost fish.  First, PGCs are positioned to the furrows of the 4-cell embryo in 
zebrafish, this positioning is absent in medaka (Figure 1.6) (Herpin et al., 2007). 
Second, unlike zebrafish, the medaka vasa mRNA does not label a distinct 
structure or position in early embryos before PGC formation (Li et al., 2009), 
raising a possibility of fundamentally different mechanisms governing PGC 
specification. Although it is proposed that the inheritance of maternally provided 
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asymmetrically-localized cytoplasmic determinants directs cells to assume the 
PGC fate in medaka, similar to zebrafish PGCs (Herpin et al., 2007), convincing 
evidence is lacking at present. 
In summary, there has been only a single limiting factor that determines 
the number of PGCs, which is oskar that has been identified in Drosophila as 
being necessary and sufficient for inducing ectopic PGCs and tripling/quadrupling 
the initial number of PGCs. oskar has been limited to certain invertebrates. PGC 
preformation in all organisms examined so far makes use of either prelocalized 
germ plasm - as in Drosophila- or localizaed germ plasm segregation - as in C. 
elegans and zebrafish – to determine the number and position(s) of PGCs.  None 
of the germ plasm components has been described to be capable of forming 
prominent cytoplasmic particles and asymmetrically segregated to determine the 
PGC fate in a small subset of randomly positioned cells. In no organisms studied 
so far has it been possible to completely abolish PGC development without 




Figures 1.6 Germline development in medaka. Embryos at the early blastula 
stage showing clumps of nanos mRNA within their cytoplasm. These cells 
migrate at the onset of gastrulation, aligned to both side of the body axis and reach 
the future gonad (adopted from Medaka: Biology, Management, and Experimental 
Protocols; By Masato Kinoshita, Kenji Murata, Kiyoshi Naruse, Minoru Tanaka; 




1.6 Regulation of Germline Development 
1.6.1 Germ Genes 
Germ cells specifically express a unique subset of genes called germ genes. These 
genes play essential roles for various processes of germline development. Many of 
them encode RNA-binding proteins. Specifically, vasa (Li et al., 2009) and dazl 
(Xu et al., 2009) have been found to be germ cell markers in both sexes of diverse 
animals from invertebrates to mammals, and dnd was identified as a vertebrate-
specific germ gene (Weidinger et al., 2003).  .  
1.6.2 Dnd 
dnd is a vertebrate-specific component of the germ plasm and encodes an RNA-
binding protein crucial for PGC migration and survival in zebrafish (Weidinger et 
al., 2003). PGCs in dnd-depleted zebrafish embryos fail to acquire motility and 
cannot survive, leading to PGC loss (Weidinger et al., 2003). dnd was initially 
first characterized as a gene required for germ-cell viability in a large-scale screen 
in zebrafish aimed at identifying mRNAs that are specifically found in the germ 
plasm of PGCs (Weidinger et al., 2003). The zebrafish Dnd protein possesses 
Mg
2+
-dependent ATPase activity that is required for PGC formation and normal 
PGC survival (Liu and Collodi, 2010).   
The mouse dnd homologue is also a germ cell marker (Asada et al., 1994). 
A mutant dnd allele called Ter has a premature stop codon, leading very possibly 
to Dnd protein truncations. Ter mutant mice display either germ-cell loss in 
certain mouse strains or a high incidence of testicular germ cell tumors in other 
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genetic backgrounds (Youngren et al., 2005). Collectively, dnd has a conserved 
role in germline development from fish to mammals. In all organisms studied so 
far, dnd knockdown or mutation affects the PGC number, migration, survival 
and/or differentiation but does not prevent PGC formation.   
PGCs can protect the RNAs of germ cell markers from degradation and 
thus sustain their translation (Weidinger et al., 2003). On the other hand, PGC 
development also depends on such RNAs and their protein products. Loss of these 
RNA and/or their proteins will cause defects in PGC development. Dnd binds to 
target RNAs to protect them from degradation (Figure 1.7), thus controls the RNA 
stability and translation (Kedde et al., 2007; Ketting, 2007). For example, the 
nanos and tudor7 mRNAs are the target mRNAs that Dnd protein binds, are also 
the targets of the microRNA (miRNA) pathway. In the absence of Dnd binding, 
both RNAs are recognized and degraded by the miRNA pathway. In the presence 
of both Dnd protein and miRNAs, both RNAs are preferentially bound by Dnd 
protein and become inaccessible to miRNAs, leading to their protection from 
degradation by miRNAs (Kedde et al., 2007). Therefore, the Dnd protein and the 
miRNA pathway possess overlapping binding sites in their common target RNAs. 
The role of Dnd in maternal RNA protection via competitive binding is essential 
for PGC development.  
dnd shows a generally conserved expression in the germline but also 
species-specific features. Embryonic dnd expression in PGCs has been reported in 
zebrafish (Weidinger et al., 2003), Xenopus (Horvay et al., 2006), chicken 
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(Aramaki et al., 2007) and mouse (Bhattacharya et al., 2007). Adult dnd 
expression, however, appears to depend on the organism and/or sex. For example, 
in Xenopus, the dnd transcripts are restricted to the ovary (Horvay et al., 2006), 
whereas in mouse, dnd1a expression is exclusive to male germ cells 
(Bhattacharya et al., 2007). In addition, the Dnd protein product also exhibits 
variations in intracellular distribution in the mouse (Bhattacharya et al., 2007) and 
chicken (Aramaki et al., 2009). Two RNA transcripts leading to two protein 
isoforms have been identified in the mouse, namely Dnd1a and Dnd1b. Dnd1a is 
expressed in the adult testis, where Dnd1b is found in embryonic and adult PGC 
of both sexes (Bhattacharya et al., 2007). Depending on the cell line used, they 
show either cytoplasmic or nuclear localization. In COS-7 cells, both Dnd1a and 
Dnd1b are localized in the cytoplasm; in contrast to Hela cells where both 
isoforms are detected in the nucleus implicated (Bhattacharya et al., 2007). The 
Dnd protein is a nucleoprotein of chicken PGCs, because it is localized 
exclusively in the nuclei of PGCs (Aramaki et al., 2009). It deserves to note that 
the dnd RNA in zebrafish PGCs can form cytoplasmic particles in the perinuclear 
region (Slanchev et al., 2009). In no organisms examined so far has it been 
described that either the dnd RNA or its protein product is capable of forming 






Figure 1.7 Dnd stabilizes mRNAs. (A) MicroRNAs (miRNAs) are part of a 
multisubunit complex, often referred to as miRISC. This complex can bind to 
mRNAs when a region in the mRNA (blue box) is homologous to the miRNA. 
MicroRNAs inhibit translation and decrease the stability of target mRNAs. (B) 
When the Dnd1 protein binds to a U-rich region in the mRNA (orange box), it can 
block recognition of the mRNA by miRISC, allowing translation of the mRNA. 
(C) Alternatively, Dnd1 may translocate the bound mRNA to structures that are 
inaccessible to miRISC, such as the germ plasm of PGC (Ketting, 2007).  
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1.6.3 Identification of the Medaka Dnd 
The dnd homolog in medaka has been identified and characterized (Liu et al., 
2009). dnd RNA is maternally supplied and preferentially segregated with PGCs. 
Its adult expression occurs in both sexes and is restricted to germ cells. In the 
testis, the RNA is abundant in spermatogonia and meiotic cells but absent in 
sperm. In the ovary, dnd RNA persists throughout oogenesis. Compared to the 
mouse Dnd protein, medaka Dnd protein is cytoplasmic upon transfection into the 
medaka MES1 cell line (Liu et al., 2009). Altogether, medaka dnd encodes a 
cytoplasmic protein and identifies embryonic and adult germ cells of both sexes 




1.7 Objectives and Significance of the Study 
The main aim of this research project was to elucidate the role and mechanism of 
Dnd in medaka PGC development. Microinjection to specifically alter dnd 
expression and activity provides the basis for experimentation. Embryos 
expressing fluorescent proteins GFP or RFP specifically in PGCs were used for 
PGC visualization at early stages. Effect of alteration of dnd expression on PGC 
formation is studied in vivo and in vitro. To achieve these objectives, experiments 
were designed: 
• Knockdown via injection of antisense morpholino oligos 
• Overexpression via injection of dnd RNA 
• Rescue experiment 
Once dnd has been identified as a limiting factor for PGC formation in medaka, 
further studies were conducted as follows: 
• To determine the number of PGC precursors in cell culture with or 
without altering dnd expression 
• To examine the molecular mechanism by which Dnd works 
• To test the possibility of germline replacement 
•  To determine Dnd domains important for PGC formation  
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2.1 DNA Work 
2.1.1 Polymerase Chain Reaction (PCR) 
Standard PCR was performed in a 25 µl reaction using PTC-100TM peltier 
thermal cycler (Biorad, USA), Geneamp PCR system 9700 (Applied Biosystems, 
USA) and Mastercycler gradient (Eppendorf, Germany). Each reaction included 
2.5 µl 10X PCR buffer (0.2 mM Tris-HCl, pH 8.8, 0.1 M KCl, 0.1 M (NH4)2SO4, 
20 mM MgSO4, 1% (v/v) Triton X-100), 1 µl of 5 mM dNTP mix, 1 µl of 10 
µmol sense primer, 1 µl of 10 µmol antisense primer, 1 µl template, 0.2 µl 5 U/µl 
Taq polymerase. The parameters for a standard PCR consist of first denaturation 
at 94°C for 3 min, following 35 cycles of amplification process including 
denaturation at 94°C for 20 sec, annealing at 55°C for 30 sec and extension at 
72°C for 1 min per 1 kb of amplicon and final extension at 72°C for 10 min. 
Primers used for PCR and subsequent cloning are summarized in Table 2.1. 
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Table 2.1 Primers used for PCR and cloning 
Backbone Name Primer (5’ #  3’) 
F, forward primer; R, reverse primer 
BglII-dnd*- 
ClaI 
F: agatct ATGGATAACCAAAGCAAAGTGGTGAACTTG 
GAGCGG 




F: agatct ATGGATAACCAAAGCAAAGTGGTGAACTTG 
GAGCGG 
R: atcgat CACGCTGAGGCGAGCCCCAGG 
BglII-
dnd"3-ClaI 
F: agatct ATGGATAACCAAAGCAAAGTGGTGAACTTG 
GAGCGG 
R: atcgat CCACTTGATAGAGATGTCTAA 
F81L F: GCACTTTGGGAACTCCGGCTCATGATG  
R: CATCATGAGCCGGAGTTCCCAAAGTGC 
pCS2+ 





F: agatct ATGGATAACCAAAGCAAAGTGGTGAACTTG 
GAGCGG 




F: ggatcc AATACCAAACTGACCCAGGTTA 
R: ctcgag tcaTATGCCAGGGCCAGCCTTCAAG  
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2.1.2 Reverse-Transcriptase PCR (RT-PCR) 
RT-PCR was performed in a two-step reaction. First step involved the synthesis of 
first strand cDNA and the amplification of fragments of interest from the single 
strand cDNA as template occurred in a second step. First strand cDNA was 
performed typically in a 25-µl volume containing 5 µl of 5X first strand buffer 
(250 mM Tris-HCl, pH 8.3, 375 mM KCl, 15 mM MgCl2, 50 mM DTT), 1.25 µl 
of 10 mM dNTP, 1 µl of RNase inhibitor (40 U/µl, N251A, Promega, USA), 1 µl 
of oligo dT primer (1 µg/µl), 2 µg of total RNA and 1 µl of M-MLV reverse 
transcriptase (200 U/µl, M170B, Promega, USA). Total RNA and oligo dT primer 
should be pre-mixed, heated to 70°C and cooled on ice before adding the other 
components to prevent secondary structure formation within the template. After 
incubation at 42°C for 1 h, the cDNA template was heated at 70 °C for 5 min. 
After dilution, the cDNA was ready for use or stored at -20°C. 
2.1.3 Cloning of PCR Products (T-A cloning) 
The pGEM-T easy vector (Promega, USA) was used for cloning the PCR products 
into the plasmid. The linearized vector contains two 3’ T overhangs, each at one 
of the insertion site. The PCR product contains a 3’ A overhang at each end, 
generated by Taq polymerase. By using the T4 ligase (Roche), the PCR product 
and the vector can be ligated easily to form a circular structure/plasmid for 
transformation, sequencing or subsequent sub-cloning. 
2.1.4 DNA Ligation 
Normally, DNA ligation reaction was performed in 20 µl of volume containing 4 
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µl of 5X ligation buffer (250 mM Tris-HCl, pH 7.6; 50 mM MgCl2, 5 mM ATP, 5 
mM DTT and 25% (w/v) polyethylene glycol-8000), insert DNA, vector DNA (20 
ng - 200 ng) and 1 µl of T4 ligase (Invitrogen). The molar ratio of insert:vector 
DNA was usually 3:1. Ligation mixture was incubated overnight at 16°C or 4°C 
for sticky or blunt end ligation, respectively. 
2.1.5 Preparation of Competent Cells 
Highly competent cells are critical for cloning. Competent cells with an efficiency 
of ~10
8
 transformed colonies per µg of super coiled plasmid DNA were used 
throughout. The bacteria strain TOP 10 F’ (Invitrogen) was used for preparing 
competent cells. Two milliliter (ml) of lysogeny broth (LB) broth was incubated 
with a single fresh colony at 37°C overnight with 200 rpm shaking. In the 
following morning, 1 ml of the overnight culture was inoculated into 100 ml of 
LB with 20 mg MgSO4 and shaken at 200 rpm at 37°C until OD600 reached 0.4-
0.6 (about 3 h). The culture was chilled on ice for 15 min and centrifuged at 4,000 
rpm for 15 min at 4°C. The pellet was re-suspended in 40 ml Tfb1 (100 mM RbCl, 
30 mM Potassium acetate, 50 mM MnCl2, 10 mM CaCl2 and 15% glycerol, pH 
5.8). After incubation on ice for 15 min, the cells were harvested and resuspended 
in 4 ml TfbII (10 mM MOPS, 10 mM RbCl, 75 mM CaCl2 and 15% glycerol, pH 
6.5). After incubation on ice for 20 min, the competent cells were transferred into 
1.5ml Eppendorf (EP) tubes in 100-µl aliquots, fast-frozen in liquid nitrogen and 
stored at -80°C until use. During the preparation of competent cells, two aspects 
should be cared: The pellet should be resuspended very gently and the cells from 
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the first centrifugation onwards should be kept below 4°C. 
2.1.6 Transformation 
Usually 5~10 µl ligation mixture was added into freshly prepared or thawed 
competent cells and incubated on ice for 30 min. Following incubation, the 
mixture was heated at 42°C for 60 sec in a water bath and cooled down 
immediately on ice for 2 min. After adding 400 µl of LB medium, the heat-
shocked mixture was incubated at 37°C with gentle agitation for 1 h and 150 µl 
mixture was spread onto a LB agar plate. For A-T cloning, the plate also contains 
pre-spread 10 µl of 1M isopropyl-"-d-thiogalactoside (IPTG) and 30 µl of 50 
mg/ml 5-bromo-4-chloro-3-indolyl-beta-D-galactopyranoside (X-gal) 
supplemented with ampicillin (100 mg/ml as 1000X stock, sterilize by filtration 
through a 0.22-#m filter) or kanamycin (50 mg/ml as 1000X stock, sterilize by 
filtration through a 0.22-#m filter). The plate was left at room temperature (RT) 
for 10 min and incubated at 37°C for 16-18 h by inverted placement. 
2.1.7 Colony Screening by Restriction Enzyme (RE) Digestion 
Although PCR screening was commonly used to screen the colony, screening by 
RE digestion was preferred due to high efficiency. Usually 10 colonies were 
inoculated and grown overnight at 37°C in 2 ml LB medium with appropriate 
antibiotics. Plasmid was extracted using the alkaline lysis method described in 
section 2.1.10 and digested with appropriate REs to confirm the correct clones. 
2.1.8 Automated Sequencing 
Each sequencing reaction (5 µl) consists of 2 µl Big Dye mix, 1 µl 50~100 ng 
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double strand DNA, 1 µl primer (3.2 pmol/µl) and 1 µl water. The single primer 
extention was done in a PCR machine with 25 cycles of 96°C for 10 sec, 52°C for 
5 sec and 60°C for 2 min. After adding 0.5 µl of 3 M NaOAc (pH 4.6) and 12.5 µl 
of 95% ethanol, the reaction products were incubated at RT for 30 min and 
centrifuged at 4°C for 20 min at 15,000 rpm. The pellet was washed twice with 
500 µl of 70% ethanol, air dried, resolved in Hi-Di and sequenced by the 
automatic sequencer (ABI 3100A, Applied Biosystems). 
2.1.9 Isolation of Plasmid DNA 
Small-scale preparation of plasmid DNA was carried out using a kit from Qiagen 
(USA). The protocol involved several steps including alkaline lysis, binding of 
plasmid DNA to a silica-based resin and elution in low salt buffer or water. 
Normally, about 10 µg of high copy number plasmid DNA can be isolated from 3-
5 ml of overnight (12-16 hr) bacterial culture in LB medium with appropriate 
antibiotics. Overnight bacterial cultures grown in LB (pH 7.4) with 100 µg/ml 
ampicillin or 50 µg/ml kanamycin were transferred into a 1.7 ml EP tube and 
harvested at 6000 rpm in a table centrifuge machine (Eppendorf 5417C, Germany) 
for 2 min. The pellet was re-suspended in 100 µl solution I (15 mM Tris-HCl, 10 
mM EDTA, 100 µg/ml RNase A) by vortexing. 100 µl freshly prepared solution II 
(with equal volume of 2% SDS and 0.4 M NaOH, prepared prior use) was added 
to the bacterial suspension and mixed by gently inverting the tubes for five times. 
After neutralization by adding 100 µl solution III (3 M KAC-HAC, pH 5.5), the 
mixture was gently inverted 5 times and stored on ice for 15 min. Following 10 
Materials and Methods 
 36 
min centrifugation at 14,000 rpm for 15 min at 4°C, the clear supernatant was 
transferred to a fresh EP tube and mixed with 2 volume of ethanol, precipitated for 
30 min at RT, then re-centrifuged at 14,000 rpm for 15 min at 4°C. The DNA 
pellet was drained by careful aspiration of residual ethanol or air dry and eluted 
with 30 µl Mili-Q water or 10 mM Tris-HCl (pH 8.0). For cell transfection or 
microinjection, midi-prep or maxi-prep (Qiagen, Novagen or Macherey-Nagel) 
was performed according to the manufacturer’s manual.  
2.1.10 Purification of DNA Fragments from Agarose Gel 
Gel extraction kit (Qiagen, USA or Macherey-Nagel, Germany) was used for 
recovering DNA fragments ranging from 100 bp to 10 kb from agarose gel 
according to manufacturer’s instructions. The procedure consists of melting of gel 
containing DNA of interest, binding of DNA to the column, washing and elution. 
2.1.11 Purification of DNA from Enzyme Reactions 
Commercial kits (Qiagen, USA or Macherey-Nagel, Germany) were used for 
DNA recovery from enzyme reaction solution. The procedure is similar to gel 
extraction kits, just omitting the gel melting step. Sometimes the following 
method was preferred. After reaction (PCR, RE digestion etc.), DNA was 
extracted by equal volume of 1:1 phenol:chloroform, precipitated by adding 2.5 
volume of ethanol, incubation at -20°C for 30 min and centrifugation at 15,000 
rpm for 15 min at 4°C. The pellet was then air-dried and dissolved in proper 
volume of water or TE buffer. 
2.1.12 Restriction Enzyme/Endonuclease (RE) Digestion of DNA 
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RE digestion was carried out to screen recombinant clones or to prepare the DNA 
fragment of interest for further cloning procedures. The REs used in this study 
were purchased from Promega, New England Biolabs or Fermentas. Normally, 
digestions were performed at 37°C for 1-4 h or overnight according to the activity 
of different enzymes in the buffers. For a RE digestion, the maximum DNA 
concentration was 300 ng/µl and 5-10 units of enzyme were used to digest 1 µg 
(plasmid) DNA. 
2.1.13 DNA Gel Electrophoresis 
DNA electrophoresis was performed on 1-2% agarose gels depending on size. The 
agarose powder was dissolved in 1X TAE (0.04 M Tris-base, 0.02 M acetic acid, 
0.01 M EDTA, pH 8.0; 50X stock was prepared) by microwave heating. The 
melted gel was thoroughly mixed and kept in a 60°C oven to avoid solidification. 
For gel casting, the melted gel was poured into an appropriate tray with addition 
of a few drops of ethidium bromide (EB) to a final concentration of 0.5 µg/ml 
with thorough mixing. Electrophoresis was run at 5 V/cm. 
2.1.14 Quantification of DNA by Spectrophotometry 
DNA quantity was examined with 1-2 µl of sample volume using the nano-
photometer (Kisker-biotech, Germany). 
2.1.15 Bioinformatic Analysis 
The DNA or protein sequence was analyzed with Bioedit (Ibis Biosciences), 
DNAMAN (Lynnon Biosoft) and Vector NTI software (Invitrogen). Online 
sequence analysis was done in NCBI (http://www.ncbi.nlm.nih.gov/) and Ensembl 




pGEM-T easy (Promega) was used for general cloning. pCS2+ was used for 
mRNA and probe synthesis. pET32a (+) was used for protein expression 
(Novagen). pCV was used for functional analyses. Vectors are listed in Table 2.2. 
 
























All plasmid vectors with dnd sequence contain four mismatch nucleotides to the 
target sequence of MOdnd around the ATG codon without a change in amino acid 
sequence. This allows the blocking of MOdd targeting this site, thus abolishing 
MO binding. 
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2.1.17 Site-directed Mutagenesis 
For introducing a change of nucleotide into a plasmid, the simple and highly 
efficient DpnI mediated PCR-based site-directed mutagenesis is used. A flow 
chart of this method is illustrated in Figure 2.1. Primers containing the specific 
mutated site/s were designed for both the forward and reverse direction (Table 
2.1). A PCR with a high fidelity polymerase Pfu (Promega) was set up: 94°C 3 
min, 18 cycles (94°C 30 sec, 55°C 1 min, 1 + 1 min/1 kb template), 72°C 10 min. 
In a next step, the methylated parental plasmid DNA was degraded by restriction 
digestion with DpnI for 1 h at 37°C. In this reaction, the PCR product was not 
affected, as only methylated DNA is accessible to the DpnI digest. This reaction 
mixture was used for normal transformation into E. coli cells, following the 
standard procedures of cloning. 




Figure 2.1 Schematic chart of the site-directed mutagenesis protocol. Primers 
containing the change of were designed and PCR amplified. Standard procedure 
for cloning followed after digestion of template DNA by DpnI. 
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2.2 RNA Work 
2.2.1 Isolation of Total RNA 
Total RNAs were extracted from embryos and different adult tissues using TRIzol 
regent (Invitrogen, USA). Tissue samples (less than 100 mg) were homogenized 
in 1 ml TRIzol reagent in a 1.5ml EP tube with a pestle on ice. The following 
procedures were performed according to manufacturer’s instructions. Especially, 
during transferring the upper aqueous phase, the interphase should not be touched 
to avoid DNA contamination. 
 
2.2.2 Synthesis of 5’ capped mRNA 
The cDNAs for synthetic RNA were cloned into pCS2+ vector (Rupp et al., 1994). 
The plasmid was linearized by Acc651 and purified by phenol:chloroform 
extraction and ethanol precipitation to get template for mRNA synthesis using 
mMESSAGE mMACHINE Kit (Ambion, USA). Normally, a routine synthesis of 
15 µg of 7-methyl guanosine capped RNA was achieved from 0.5 µg of template 
DNA with SP6 bacterial promoters, in a 10 µl volume, during a 2 h reaction. The 
amount and the quality of the obtained RNAs were estimated by gel 
electrophoresis and nano-photometry. 
2.2.3 Quantification of RNA by Spectrophotometry 
RNA was measured in a 1~2-µl volume by a nano-photometer (Kisker-biotech, 
Germany). 
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2.2.4 in situ Hybridization 
2.2.4.1 Probe Synthesis 
Normally 10 µg of plasmid with cDNA insertion in pCS2+ or pGEM T easy was 
completely linearized by a suitable enzyme (producing a blunt end or 5’ overhang 
preferred to avoid snap back effects) to get anti-sense or sense probe. Linearized 
template was purified by phenol:chloroform extraction and ethanol precipitation. 
The synthesis reaction was performed at 37°C for 2 h in a total volume of 20 µl 
containing 4 µl of 5x transcription buffer, 2 µl of 10 mM NTP mix with Dig-
UTP/Fluorescein-UTP (Roche), 1 µg of template DNA, 0.5 µl of RNase inhibitor 
(40 U/µl) (Promega) and 1 µl of T7 (/SP6) polymerase. Following the reaction, 1 
µl of Turbo DNase (Ambion, USA) was added to digest the DNA template at 
37°C for 15 min. After the digestion, the RNA probe was precipitated by adding 
30 µl of RNase-free water and 30 µl of LiCl precipitation solution (7.5 M LiCl, 50 
mM EDTA, pH 8.0) for at least 2 h at -20°C, washed with 70% ethanol, air-dried 
and dissolved in 25 µl of DEPC-treated water. Finally, the probe was quantified, 
diluted to 100-1000 ng/µl in hybridization buffer and examined by agarose gel 
electrophoresis. 
2.2.4.2 Whole Mount in situ Hybridization (WISH) 
Staged medaka embryos were fixed in 4 % PFA (paraformamide)/0.85X PBST 
(16% PFA prepared as stock) for 48 h at 4°C, washed three times with PBST 
(0.1% Tween in 0.85X PBS). After dechorionation, embryos were transferred into 
100% methanol and stored in -20°C for at least one overnight. When 
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hybridization was initiated, the embryos were transferred into 24 or 48 well cell 
culture dish and re-hydrated gradually through 75% methanol (MeOH)/PBST, 
50% MeOH/PBST, 25% MeOH/PBST and washed for three times in PBST. The 
embryos were digested by proteinase K (PTK) (10 µg/ml in PBST, freshly 
prepared from a 20 mg/ml stock; Roche, Germany) at RT to facilitate probe 
penetration. PTK treatment can be omitted for early stage embryos (younger than 
1 day, before the neurula stage). The duration of PTK treatment usually lasts 3~15 
min and 15~30 min for 1~3-day-old and $3-day-old embryos. Alternatively, 
embryos were heat-treated in a 96°C water bath for 5-30 min to break down 
potential cross-link bonds arising from PFA fixation. After PTK treatment, the 
embryos were rinsed twice in freshly prepared 2 mg/ml glycine/PBST, re-fixed in 
4% PFA/PBST for 20 min and washed for 5 times in PBST. For pre-hybridization, 
the embryos were rinsed in hybridization buffer (50% formamide, 5X SSC, 50 
µg/ml heparin, 0.1% Tween20, 5 mg/ml torula RNA, pH 6.0~6.5) and incubated 
at 68°C for 2 h.  
Riboprobes were diluted in 100~200 µl of hybridization buffer to a final 
concentration of 1~5 ng/µl and denatured at 80°C for 10 min. Then the pre-
hybridization buffer was removed and the probe ready-to-use was added. 
Hybrizization was performed at 68°C in a water bath for 16 h with gentle shaking. 
In the following day, the post-hybridization embryos were washed in 50% 
formamide/2X SSCT (diluted from 20X SSC, pH 7.0, 0.1 % Tween) at 68°C for 1 
h with one time solution change, once with 2X SSCT at 68°C for 30 min and 0.2X 
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SSCT at 68°C twice for 30 min. After hybridization, RNase-free condition is not 
required. Subsequently, the embryos were washed twice with PBST at RT and 
blocked with 5% sheep serum/PBST at RT for 1 h on a slow shaker. Once the 
blocking solution was removed, the embryos were incubated with anti-Dig-AP 
Fab fragments (Roche) at a 1: 2000 dilution in 5% sheep serum/PBST for 1 h at 
RT or alternatively incubated overnight at 4°C. Following antibody incubation, 
the embryos were washed in PBST six times for 15 min each and washed again in 
TBST (100 mM TrisCl, pH 9.5, 100 mM NaCl, 0.1% Tween-20) twice for 2 min 
each, and equilibrated twice for 5 min each in staining buffer NTMT (100 mM 
TrisCl, pH 9.5, 100 mM NaCl, 50 mM MgCl2, 0.1% Tween20, prepared freshly). 
Staining follows by incubation with NTMT containing BCIP (final 175 µg/ml; 50 
mg/ml in 100% DMF as stock) and NBT (final 337.5 µg/ml; 75 mg/ml in 70% 
DMF/H2O as stock) in darkness without shaking at 4°C from several h to days 
until signals come out. The staining process was stopped by washing three times 
with PBST. For immediate photography, the embryos were sometimes separated 
from the yolk material and rinsed in 87% glycerol overnight. Such embryos can 
be stored in 50% glycerol/PBS in darkness for 6 month until further use. 
For probe penetration in WISH on PFA-fixed gonads, the outer layer 
membrane was removed from the ovary, and testis was subjected to PTK 
treatment. 
2.2.4.3 Section in situ Hybridization (SISH) 
To determine the exact part of cell types expressing the genes of interest, detailed 
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cross section was required. After fixation, the tissues or embryos were washed in 
PBST and dehydrated by rinsing in 20% sucrose/PBS for 2 h, 30% sucrose/PBS 
overnight, in 30% sucrose/OCT (embedding medium) at 1:1 ratio for 30 min and 
embedded in OCT with liquid nitrogen in a special mould under a 
stereomicroscope. Embedded tissues or embryos were kept below -20°C and fixed 
to a supporting base for the cryostat (CM1850, Leica, USA). Sections were 
harvested at 4 µm for testis, 8 µm for ovary and 6 µm for other tissues. The 
sections were collected onto pre-cleaned slides (Fisher scientific, USA) and stored 
at -80°C. Prior to hybridization, sections were dried at 42°C in a heating block for 
30 min and directly rinsed in hybridization buffer. Subsequent steps were similar 
to WISH. 
2.2.4.4 Fluorescent in situ Hybridization 
To detect low abundance mRNA expression in embryos or tissues, tyramide 
signal amplification (TSA) method was applied to increase the detection 
sensitivity up to 100-fold, as compared with conventional ISH with chemical 
substrates such as BCIP/NBT detection. The TSA method utilizes the catalytic 
activity of horseradish peroxidase (HRP) to generate high-density labeling of a 
target nucleic acid sequence in situ through a mechanism where the highly 
reactive, short-lived tyramide radicals covalently couple to amino acid residues 
(principally the phenol moiety of protein tyrosine residues) in the vicinity of the 
HRP-target interaction site with minimal diffusion-related loss of signal 
localization. Briefly, after post hybridization wash (from the last wash Tween-20 
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was omitted) the hybridized embryos were blocked and incubated with anti-
fluorescein POD (Roche) for 4 h at RT followed by six washes for 20 min each 
with PBS. These embryos were then incubated in TSA plus fluorescein solution 
(PerkinElmer, USA) for 60 min followed by washes rinsed orderly in 30%, 50%, 
75% and 100% methanol/PBS for 5 min each and then changed to 1% H2O2 in 
100% methanol with an incubation of 30 min. Following this incubation, these 
embryos were rinsed orderly in 75%, 50% and 30% methanol/PBS and washed 
three times with PBS for 10 min each. For the detection of a second probe, the 
embryos were blocked and incubated with anti-DIG POD (Roche) for 4 h at RT 
followed by six washes for 20 min each with PBS. These embryos were then 
incubated in TSA plus Cy3 solution (PerkinElmer, USA) for 60 min followed by 
three washes for 10 min each with PBST. Finally, the embryos were removed 
from the yolk, stained with DAPI and mounted with anti-fade reagent for 
photography. 
2.3 Protein Work  
2.3.1  Recombinant Protein Expression and Purification 
A single recombinant colony (E. coli stain BL21, DE3 as host) was picked and 
inoculated into 10 ml LB containing the appropriate antibiotic (ampicilin) and 
grown overnight at 37°C. The overnight culture was transferred into 1 l LB with 
100 µg/ml ampicilin and incubated in a 37 °C shaker at 200 rpm until OD600 
reaches 0.6, induced with IPTG (0.3 mM for soluble proteins overnight at 20°C, 
or 1 mM for insoluble proteins 4 h at 37°C) and collected by centrifugation at 
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6000 rpm for 20 min. IPTG to a final concentration of 1 mM could be added to 
the culture to induce the expression of the fusion protein, depending on the 
induction temperature. Cells were drained completely and stored at -20°C.  
 After sonication (for 1 l of bacterial culture, 8 min in 1 s and 2 s pause 
interval at 30% power) on ice, the homogenate was centrifuged at 16, 000 rpm for 
20 min at 4°C. The proteins were purified on Ni-NTA Superflow resins in a 
column procedure by using Ni-NTA Superflow according to the manufacturer’s 
instructions (Qiagen, Germany). The Ni-NTA Superflow resin specifically binds 
to the His-tagged fusion proteins, with the 6x(His) tag binding to metal matrices, 
thus allowing for protein purification. Soluble proteins were expressed in the 
cytoplasm, thus harvested from the supernatant; insoluble proteins were present in 
inclusion bodies (IBs), purified from the pellet.  
Soluble Trx-6xHis-tagged fusion proteins in the supernatant were bound to 
pre-equilibrated Ni-NTA resin for 1 h at 4°C with gentle shaking. The Ni
2+
 
matrices were transferred to a column, washed twice with PBS containing 10 mM 
imidizole (pH 7.4, freshly prepared) to remove unspecific binding. Elusions were 
collected in 1 ml aliquots using PBS containing 250 mM imidizole. Recombinant 
proteins were stored at 4°C and subjected to thrombin cleavage (1 and 10 
cleavage units per mg of recombinant protein or 80 U of thrombin for each ml of 
Ni-NTA beads, Sigma) with varying digestion durations.   
Proteins that were 6xHis-tagged only, were insoluble and present in the 
IBs, therefore collected in the pellet after centrifugation. Freshly prepared 8 M 
Materials and Methods 
 48 
urea (w/w, pH 7.4) was used to completely solubilize the IBs. Under these 
denaturing conditions, the His tag was completely exposed and it’s binding the 
Ni
2+
 column was facilitated.  
2.3.2 SDS-polyacrylamide Gel Electrophoresis (SDS-PAGE) 
SDS-PAGE was performed using Bio-Rad Mini-PROTEAN 3 cell. Standard 10% 
separating gel and 5% stacking gel were prepared (www.molecularcloning.com). 
Samples were mixed with 2X SDS-gel loading buffer (50 mM Tris-HCl, pH 6.8, 
4% SDS, 0.02% bromophenol blue, 20% glycerol, 100 mM DTT) and boiled for 5 
min before loading into the wells. Protein samples from tissues were run at 20~40 
#g protein per lane. Electrophoresis was carried out in 1X gel running buffer (25 
mM Tris, pH 8.3, 192 mM glycine, 0.1% SDS (w/v)) at a constant voltage of 60 
Volts. After electrophoresis, the gel was stained in 50 ml Coomassie Blue staining 
solution (for 100 ml: 0.25 g Coomassie Brilliant Blue R250, 90 ml MeOH/H2O 
(1:1 v/v), 10 ml glacial acetic acid; mix well and filter through a Whatman No. 1 
filter). Destaining solution was similarly prepared except omitting the Coomassie 
R250 dye powder.  
2.3.3 Antibody Preparation 
Rats of strain Wistar - about 10 weeks in age - were chosen as the host animal. 
Approximately 200 µg purified protein was emulsified in complete Freund 
Adjuvant (Sigma) and subcutaneously injected into rat for the first injection. 
Every two weeks the rats were subcutaneously booster-immunized with half the 
protein amount emulsified subsequently in incomplete Freund Adjuvant. Up to 
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five consecutive immunizations were possible. Six weeks later, the antiserum was 
collected and stored in aliquot at -20°C until use. 
2.3.4 Protein Extraction from Tissue 
Tissues were isolated from medaka fish and homogenized on ice in protein lysis 
buffer (50 mM Tris, 150 mM NaCl, 1% Triton-X 100 (v/w), 0.1% SDS (v/w), 
0.5% sodium deoxycholate (v/w), protease inhibitor such as 1 mM PMSF or 
cocktail protease inhibitor according to manufacturer’s manual). After incubation 
on ice for 30 min, samples were applied to freeze and thaw in liquid nitrogen for 
three times. Proteins were harvested by twice of centrifugation at 13,000 rpm at 
4°C for 15 min each, the supernatant containing protein was transferred to a fresh 
EP tube. Protein concentration was measured using protein assay kit (Bio-Rad), 
according to manufacturer’s instruction. Proteins were stored at -80°C until use. 
2.3.5 Western Blot 
After electrophoresis, proteins were transferred to a PVDF (Bio-Rad) membrane 
in transfer buffer (25 mM Tris, 192 mM glycine, 0.037% SDS, 20% methanol) 
using a semi-dry electroblotter at 18 V for 30 min. The PVDF membrane was 
blocked in 5% non-fat milk/TBST (50 mM Tris, pH 7.4, 150 mM NaCl, 0.1% 
Tween-20) for 1 h with shaking. Following blocking, the membrane was briefly 
rinsed with TBST and incubated with primary antibody (1:100 dilution) for 1 h at 
RT or overnight at 4°C followed by six washes with TBST for ten min each at RT. 
The membrane was incubated with secondary antibody (anti-rat IgG peroxidase 
conjugate, A5795, Sigma) diluted at 1:100,000 with 5% non-fat milk/TBST for 1 
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h followed by four washes with TBST. Finally, the membrane was incubated with 
the ECL Western detection reagents (Pierce, USA) for 2 min in darkness. Signal 
was detected with Fuji film at different expose time ranging from 10 sec to 15 min. 
2.3.6 Immunohistochemical Staining 
Sections were dried at 42°C for 30 min. After rinse with PBST for 15 min, the 
slides with cells or sections were blocked with 5% goat serum in PBST for 30 min. 
Following blocking, the slides were incubated with primary antibody (1:100) for 1 
h at RT or overnight at 4°C in a humidified chamber. After four washes with 
PBST for 10 min each, the slides were incubated with FITC-conjugated secondary 
antibody (Abcam, ab6840) at a dilution of 1:200 for 1 h in darkness at RT, 
followed by another six washes for 10 min each. For counterstaining of the 
nucleus, the slides were incubated with 1 µg/ml of 4',6-diamidino-2-phenylindole 
(DAPI) or propidium iodide (PI) for 15~30 min at RT, thoroughly washed with 
PBST and mounted for visualization with antifade reagent (Invitrogen). 
2.4 Embryo Work 
2.4.1 Microinjection into Cytoplasm of Medaka Embryos 
The chorion of medaka embryos is tough, thus makes it difficult to be penetrated 
by glass capillary needles. Injection was done directly into the cytoplasm. Briefly, 
DNA, RNA or morpholino oligo solution with phenol red (as a visible dye) was 
loaded into a glass capillary needle pulled with a Micropipette Puller P-87 (Sutter 
Instrument, USA). The capillary needle was loaded to a self-made micro-injector 
using mineral oil as pressure transmitter. The tip of the capillary needle was 
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opened by slightly touching the tip with a pair of forceps under a 
stereomicroscope. The red injection solution should be released when practicing 
pressure. So the needle was ready for microinjection. Embryos were collected and 
separated by rolling with two needles. After they were arranged in the agarose 
grooves (1mm width and 1mm depth) and rinsed in 1x Yamamoto Ringer’s 
solution (NaCl 7.5 g, KCl 0.2 g, CaCl2 · 2H2O 0.2 g, NaHCO3 0.02 g, final 
volume 1 l, pH 7.3, prepared as 10X stock), 0.5~1 nl was injected into the 
cytoplasm of 1~2-cell embryos. Injected embryos were kept in ERM at 28°C. 
2.4.2 Chimera Formation 
The medaka chorion consists of a thin outer layer and a thick inner layer. The 
outer layer is selectively digested by proteinase K (Sigma); the inner layer can 
only specifically be digested by medaka hatching enzyme (HE) without affecting 
the embryonic development. To this end, embryos were collected, separated by 
rolling with two needles, and incubated in a 10 cm bacterial logical Petri dish 
containing embryo rearing medium (ERM; NaCl 1.00 g, KCl 0.03 g, CaCl2 ·2H2O 
0.04 g, MgSO4·7H2O 0.16 g, methylene blue 0.0001 g per liter) at 26°C with daily 
change of medium. Dead embryos were stained blue and discarded to prevent 
subsequent mold contamination. Embryos at hatching (at 10 dpf) were collected, 
drained and stored at -20°C. When embryos were collected up to a number of 
10,000, they were melted and homogenized on ice. Homogenate was adjusted 
with PBS to a final concentration of 400 embryos/ml and transferred into a 5~10-
mL glass tissue homogenizer. After homogenization on ice water bath, the 
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homogenate was transferred to pre-chilled fresh EP tubes and centrifuged at 4°C 
for 30 min at 18,000 rpm. The supernatant was filtrated through a 0.2-#m filter, 
stored in 200-#L aliquots at -20°C.  
Embryos of the chosen strain as donor and host were collected, 
respectively. Rolling with two needles removed the attachment filaments and long 
hairs. After thorough washing with water, they were transferred to EP tubes, 
incubated with proteinase K (Sigma; 5 mg/ml) for % 2 h at 28°C. A proper digest 
by proteinase K is critical for HE penetration to digest the inner layer of the 
chorion. Upon thorough washing with water, embryos were kept in ERM till 
further treatment at 28°C.   
2.4.2.1 Host Treatment 
After removal and washing of proteinase K, embryos were transferred to a drop of 
water on the cover of a 6-cm Petri dish, so that they were aligned in one single 
layer and arranged in a drop not larger than 1 cm in diameter. Excessive water 
was removed so that all embryos were just immersed but not exposed to the air. 
HE was applied to the embryos to the drop to cover all embryos (total volume 
300–400 #L). All embryos were arranged in a single layer and submerged. 
Incubation should proceed for 1-3 h at 28ºC, with cover closed to prevent water 
loss. Regular observation was done to monitor the digestion progress. While 
dechorionation is in progress, the transplantation system and/or donor cells were 
prepared accordingly. 
After about 2 h incubation, when approx 50% of embryos were completely 
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free of chorion and approx 40% had fragmented chorion, digestion was stopped 
by gently pipetting BSS-1% PEG to the drop. BSS-1% PEG consisted of 
Balanced Salt Saline (BSS; for 500 ml, add 25 ml of solution A and 1 ml of 
solution B in water and bring final volume to 500 ml. Solution A (for 500 ml): 65 
g NaCl, 4 g KCl, 2 g MgSO4-7H2O, 2 g CaCl2-H2O, 5 mg phenol red; autoclave. 
Solution B: 5% NaHCO3; sterilize by filtration through 0.2-#m filter), 1% 
polyethylene glycol 2000 (PEG), 100 #g/ml streptomycin and 100 U/ml penicillin. 
Sterilize the BSS-1% PEG by filtration through 0.22-#m filter, store at 4ºC.  
From this step care was taken, as dechorionated embryos were extremely 
sensitive to any movement. In BSS-1% PEG (pre-warmed to RT), chorion 
fragments were manually removed using a pair of fine forceps. Dechorionated 
embryos were transferred with BSS-1% PEG into a 6-cm Petri dish using a wide-
mouth plastic Pasteur pipette. This dish could be kept at 8–12°C to slow the 
developmental speed.  Meantime, the agarose plates that had a V-shaped ramp 
were prepared in Yamamoto Ringer’s solution in a 6-cm dish. Agarose plates 
were immersed in BSS-1%PEG pre-cooled to 8–12°C, the dechorionated embryos 
were arranged in a single row along the V-shaped ramp.  
2.4.2.2 Donor Treatment 
When embryos reach the stage of midblastula, they were transferred to a Petri dish 
containing transplantation medium (TM; 100 mM NaCl, 5 m MKCl, 5 mM 
HEPES pH 7.1, 0.1% phenol red as a tracing dye, sterilized by filtration through 
0.22-#m filter). Cells were disassociated into single cells and transferred into a 
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fresh EP tube, washed three times with TM by short spin down, stored on ice until 
use. Gentle treatment was required to maintain the freshly harvested cells in TM. 
2.4.2.3 Cell Transplantation 
Before setting up the transplantation system, the microinjector was thoroughly 
washed with 70% ethanol and rinsed with water. After air-dry, the injection 
device was filled with light mineral oil. Similarly to microinjection, 
transplantation needles were also pulled from 1-mm borosilicate glass capillaries 
using a flaming/brown micropipette puller using a different program to create a 
wider tip. The needle was mounted to the Leica micromanipulator, carefully 
clipped using a pair of fine forceps to form an opening of 5–10 #m in inner 
diameter at the tip, whereas the opening of the tip should be slightly bigger to the 
size of cells to be transplanted (donor cells). TM was loaded into the 
transplantation needle by capillary action. While monitoring under a stereoscope, 
the tip opening was adjusted to a diameter of 20–25 #m (approximately double 
the size of a donor cell) using a pair of fine forceps. Air and excessive TM in the 
needle was released until the TM-oil interphase was ~5 mm distant from the tip. 
Single donor cell suspension was well mixed. 2 #l was transferred in a 
drop to the cover of a 35-#m dish cover. The tip was moved to the cell drop and 
cells were collected into the needle by gentle negative pressure. About 50 - 100 
cells were transplanted into the middle of a host embryo, with the minimal release 
of medium to preserve the embryo. Transplanted embryos were transferred to a 6-
cm dish containing fresh BSS-PEG and kept at 18ºC before gastrulation and RT 
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thereafter with daily change of medium.   
2.4.3 Embryo %-irradiation 
Embryos were collected shortly after fertilization and treated with proteinase K (5 
mg/ml) for 1 h at 28ºC. Attachment filaments were manually removed by rolling. 
Embryos at the 4- to 8-cell stages were transferred into 2-ml tubes and irradiated 
at ambient temperature with a 60 Co source at doses of 6 gray within 10 min time. 
Irradiated embryos were transferred into ERM, kept in darkness at 28ºC until use.  
2.4.4 Cell Death Analysis by Acridine Orange Staining 
Arcidine orange (AO) staining can be used to stain dead cells in live embryos, as 
AO is a nucleic acid selective fluorescent dye capable of identifying apoptotic 
dead cells. It is cell-permeable, thus able to interact with DNA and RNA in living 
cells. To make the live embryos accessible to the fluorescent dye, the chorion of 
embryos needs to be removed by HE treatment, similarly as for host embryos 
treated for cell transplantation. AO is prepared as 1000X stock (5 mg/ml), stored 
light protected.  At the stage of staining, live embryos are incubated at room 
temperature for 30 min in BSS-PEG containing 1X AO. Thorough washing of 
more than 6 times 10 min each is required to remove the strong background. 
Embryos are applied to photography and can be maintained for further 
development.  
2.5 Cell Culture 
2.5.1 Preparation of Medaka Embryo Extract 
Similar procedure applies as for preparation of HE (see Subheading 2.4.2). 
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Embryos were collected, separated by rolling with two needles, and incubated in a 
10 cm Petri dish containing ERM at 26°C with daily medium change. Dead 
embryos were stained blue and discarded to prevent subsequent mold 
contamination. On day 7, embryos were collected, drained and stored at -20°C. 
When embryos were collected up to a number of 10,000, they were melted and 
homogenized on ice. Homogenate was adjusted with PBS to a final concentration 
of 400 embryos/ml, and subjected to three cycles of freezing and thawing in liquid 
nitrogen and 37°C water bath. The homogenate was spun at 18,000 rpm for 30 
min at 4°C. The upper lipid layer was removed and the homogenates were re-
centrifuged until lipid layer was invisible. Clear supernatant was collected, 
transferred to 1.5-ml Eppendorf tubes in 1-ml aliquot and stored at -20°C for up to 
3 years. 
2.5.2 Preparation of Fish Serum 
Fish serum plays mitogenic roles in culturing medaka ES cells. Sofar, fish serum 
from rainbow trout (Oncorhynchus mykiss) and seabass (Lates calcarifer) has 
been used successfully. Fish blood was collected from tail vein using a 10-ml 
syringe with trace of anti-coagulation (heparin or EDTA) and spun at 4°C for 30 
min at 4,000 rpm. Clear supernatant was stored at -20°C in 1-ml aliquots until use. 
2.5.3 Preparation of Tissue Culture Plates 
Culture dish or plates for medaka ES cells should be pre-coated with gelatin 
(Sigma). Briefly, 0.1% gelatin solution was autoclaved, filtrated through a 0.22-
µm filter. All procedures involving cell culture are carried out under sterile 
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condition in a cell culture hood. Gelatin solution was added into the dishes or 
plates and incubated for 1 h at RT. Then the gelatin solution was aspirated 
followed by air-drying for at least 2 h, stored under sterile conditions at RT until 
use. 
2.5.4 Preparation of ES Cell Medium ESM4 
The standard culture medium for medaka ES cells was ESM4, which consists of 
Dulbecco's Modified Eagle Medium (DMEM) 13.4 g/l (Gibco), 20 mM Hepes 
(Sigma), 15% fetal bovine serum (Gibco), 1X penicillin and streptomycin 
(Invitrogen), 2 nM L-glutamine (Invitrogen), 1X Non-essential amino acids 
(Invitrogen), 1X Na pyruvate (Invitrogen), 100 µM 2-mercaptoethanol (Sigma), 2 
nM Na selenite (Sigma), 0.2% seabass blood serum, 10 ng/ml bFGF, 0.4 
embryo/ml medaka embryo extract (MEE), final pH 7.5. The medium was 
filtrated through a 0.22-µm filter under sterile conditions, stored at 4ºC for up to 6 
months. 
2.5.5 Initiation of Primary Cell Culture 
Embryos were treated with proteinase K to remove the hairs, similarly to that for 
cell transplantation. Embryos were rinsed 5 times with 1% bleach solution/PBS 
under sterile condition. Embryos were transferred to sterile PBS and thoroughly 
washed. Cells were disassociated and initiated for culture in pre-coated plates 
supplied with ESM4. They were maintained at 28°C (Thermo Scientific) with 
regular medium change. 
2.6  Microscopy and Photography  
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Observation and photography was carried out on Leica MZFIII stereo microscope, 
Zeiss Axiovertinvert 2 invert microscope and Axiovert 200 upright microscope 
with a Zeiss AxioCam M5Rc digital camera (Zeiss Corp., Germany). 
2.6.1 Live cell observation 
Embryos were washed twice in DMEM. Single cells were isolated and washed 
twice to remove yolk material and debris. They can be shortly fixed using 4% 
PFA for staining with PI or DAPI for 15 min at RT and washed with DMEM. 
Care was taken to prevent formation of cell clumps.  Single cells were transferred 
to a Menzel diagnostic slide with executions (Menzel, Germany), mounted and 
applied for microscopy using an Axiovert 200 upright microscope with a Zeiss 
AxioCam M5Rc digital camera. 
2.6.2 Cultured Cells 
Cultured cells maintained in plates were monitored and photographed using the 
Zeiss Axiovertinvert 2 invert microscope. 
2.7 Statistical Analyses 
Statistical analyses were calculated by using Graphad Prism v4.0. A p ! 0.05 was 
chosen to be statistically significant, p ! 0.01 statistically very significant. Data 
consolidated were presented as mean ± s.d. and p values were calculated by using 




CHAPTER 3: RESULTS 
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3.1 Dnd is Necessary for PGC Formation 
As a first step in identifying factors required for medaka PGC development, we 
performed screening by gene knockdown in NgVg embryos. NgVg embryos were 
obtained by mating between Ng females and Vg males (Li et al., 2009). Ng and 
Vg are transgenic lines expressing GFP from the medaka nanos3 promoter (Li et 
al., 2009) and vasa promoter (Tanaka et al., 2001), respectively. In NgVg 
embryos, PGCs are easily countable at stages 18~22, when they are aligned dorso-
bilaterally along somites, before their migration into the gonad (Figure 3.1A). On 
average, a medaka embryo at these stages has ~32 PGCs (Li et al., 2009). As a 
result, a total of 18 medaka germ genes were tested, with the majority of them 
showing reduced PGC number and/or compromised PGC migration upon 
depletion. We found that knockdown of one gene was able to completely prevent 
PGC
 
appearance, which is dnd. 
Remarkably, dnd depletion by injection with 50~100 pg of MOdnd (MOdd) 
caused the complete absence of PGCs in all (n = 333) of manipulated embryos 
observed at stage 21 (Figure 3.1B). MOdd is a morpholino antisense oligomer 
(oligos) based on antisense technology used to block access of other molecules to 
specific sequence in the dnd mRNA, via blocking regions of the base-pairing 
surfaces around ATG of the dnd mRNA transcript. Hence, MOdd targets the 
translation of the medaka dnd mRNA by making the translation initiation site 
inaccessible to ribosome or other molecules (Figure 3.2A). Replacement of MOdd 
with MOddm containing 4 mismatches for injection had no effect on the PGC 
Results 
 61 
number and embryonic development, as MOddm cannot bind to the target site due 
to non-complement base-pairing. By morphological criteria, the somatic lineage 
remained unaffected, and dnd- depleted embryos developed into phenotypically 
normal adults. It pointed to the specific effect of MOdd on PGC formation was 
due to dnd alteration, but not as a side effect caused by morpholino oligo injection 
as MOddm did not affect germ cell formation and somatic lineage. 
To test if exogenous dnd is able to rescue the MOdd-caused phenotype, we 
fused the full-length sequence of dnd and monomer cherry (ch) to the 3’ 
untranslated region (3’UTR) of dnd (DD). All the dnd sequence used throughout 
this study contains four mismatches, similarly as for MOddm. The mismatches to 
the target sequence of MOdd around the ATG codon did not lead to a change in 
amino acid sequence, thus not impairing the Dnd protein function. They were 
designed so that exogenous dnd RNA cannot be targeted by MOdd, which 
eventually would prevent the translation of the exogenous dnd RNA. The Cherry 
protein is a mutated version of the red fluorecent protein. It is broadly used in 
developmental biology as it’s signal is strong in vivo and importantly, is has 
shown to be less toxic to the developing embryo. Coinjection of MOdd with 50 pg 
of dnd:ch (Figure 3.2B) RNA was able to rescue PGC formation (Figure 3.1C).  
Clearly, dnd is critical for PGC formation in medaka. 
Injection with 50 pg of dnd:ch RNA alone was sufficient to increase the 
PGC number, in some embryos with few PGCs located in ectopic sites (Figure 
3.1D). Injection of dnd:ch RNA at 100 pg considerably boosted the PGC number, 
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so that a significant number of ectopic PGCs was found besides numerous PGCs 
in the gonad (Figure 3.1E). Hence, Dnd overexpression is sufficient to boost PGC 
formation in medaka. 
Thus, alteration of dnd expression by injection of MOdd or dnd:ch RNA 
quantitatively altered PGC formation, so that its number varied ranging from the 
complete loss to an increase by ~2 folds (Figure 3.1F). In control embryos 
injected with 1 ng of MOddm, the average number of PGCs per embryo was ~35. 
These data was collected from 12 – 21 embryos at stage 19 for each group. This 
number decreased to 24, 16 and 0 with the doses of the injected MOdd at 5, 10 
and 50 pg, respectively; whereas its number of 42, 58 and 78 proportionally 
increased with the doses of injected dnd:ch RNA at 25, 50 and 100 pg, 
respectively. PGCs in ectopic sites other than the gonad were also counted and 
included for statistical analysis (Figure 3.1F).   
Medaka has been proposed to exploit preformation to specify its PGCs 
(Herpin et al., 2007). We established a procedure that allows for culturing cells 
dissociated from a single midblastula embryo. When NgVg embryos were used 
for culture, PGCs appeared reproducibly as large and GFP-positive cells as early 
as 14 h post culture (hpc; Figure 3.1G). We counted the number of PGCs per 
embryo at day 2 of culture (Figure 3.1G-J). This revealed an average PGC number 
of 24, 0.4, 20 and 69 for control embryos injected with 1 ng MOddm, embryos 
injected with 50 pg of MOdd, embryos co-injected with 50 pg of MOdnd and 50 
pg of dnd:ch RNA, and embryos injected with 50 pg of dnd:ch RNA, respectively 
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(Figure 3.1K). These numbers resembled those determined for the injected 




Figure 3.1 dnd is a limiting factor for PGC formation in vivo and in vitro. 
NgVg embryos were microinjected at the 1-cell stage and PGCs (green) were 
monitored at stage 19 (A-D, dorsal view) and stage 34 (E and E’). (A) Control 
embryo injected with MOddm. (B) Embryo injected with MOdnd, showing the 
absence of PGCs. (C) Coinjection with MOdnd and dnd RNA leads to rescue of 
PGC formation. (D) Embryo injected with 50 pg of dnd RNA, showing more 
PGCs, some distribute to ectopic sites (arrows). (E and E’) Embryo injected with 
dnd RNA at a higher dose, showing a significantly increase of PGC number in the 
gonad (circle) and at ectopic sites (arrows). (F) Statistic data, showing the gonad 
(circle) and at ectopic sites (arrows). (F) Statistic data, showing the dependence of 
PGC number on dnd expression. Data are means  ± s.d. of 12~21 embryos at stage 
19 for each of experimental groups. Statistically significant (*; P & 0.05) and very 
significant (*; P & 0.01) differences were derived by comparison to the control 
value. (G-J) Cell-autonomous PGC formation in culture. (K) Average numbers of 




Figure 3.2 Morpholinos and expression vectors. (A) Positions and target 
sequences of morpholino antisense oligos. (B) Plasmid expression vectors. Values 
illustrate the number of amino acid residue. All Dnd expression plasmids contain 
four mismatch nucleotides as for MOddm. Dnd has six conserved regions: N-
terminal region (NR), RNA-recognition motif (RRM) and four C-terminal 
conserved regions 1-4 (CR1-4). asterisks, point mutation leading to substitution 
F81L or N86K; CV, CMV promoter; SP6, SP6 promoter; ch, cherry:His tag; dnd, 
cDNA for the medaka Dnd; gfp, cDNA for green fluorescent protein (GFP); h2b, 
cDNA for histone H2B; osk, Drosophila oskar; pac, cDNA for puromycin 
acetyltransferase;  vas, medaka vasa cDNA; DD3, DZ3 and NS3, 3’ UTR of the 
medaka dnd, dazl and nanos3; NOS, 3’ UTR of the zebrafish nanos1; SV, SV40 
UTR. (C) The 3’-UTR sequence of the zebrafish nanos1 (accession number 
gb|AY052376.1), highlighting the binding site for miR-430 (blue), putative Dnd 
interaction sequences (red). 
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3.2 Structure and Function of Dnd Protein 
3.2.1 The N-terminus of dnd is required for PGC Formation  
To determine which regions of the Dnd protein were required for its proper 
function, we used the same approach with truncated versions of the protein 
(Figure 3.2B). Dnd has six conderved regions: N-terminal region (NR), RNA-
recognition motif (RRM) and four C-terminal conserved regions (CR1-4) (Figure 
3.2B). As for the wildtype constructs, RNA-expressing vectors were generated 
where mutated dnd variants (dnd!1-ch and dnd!3-ch) fused to mCherry were 
placed upstream of dnd 3’UTR. Capped RNA was injected alone or coinjected 
with MOdd into embryos at the 1-cell stage. When injected into NgVg at the 1-
cell stage, both deletion mutant forms Dnd"1 and Dnd"3 did not show any 
phenotype impairing the PGC formation and embryonic development (Figure 3.3). 
Upon coinjection with 50 pg of MOdd, none of the truncated RNAs showed 
rescuing activity on PGC formation (data not shown). In summary, the N-terminus 




Figure 3.3 Overexpression of Dnd deletions in PGC formation. (A) Control 
embryos. (B) Injection of dnd!1:ch does not interfere woth PGC formation as the 
number of PGC remains unaffected, rarely ectopic PGC (arrowed) and normal 
embryonic development. (C) Injection of dnd!3:ch RNA does not interfere with 





3.2.2 Specific Residues within the RNA-recognition Motif (RRM) 
To further examine the role of specific domains of Dnd at a higher resolution, we 
generated point mutations leading to single amino acid exchange. Amino acids 
that are identical among the zebrafish, human and the mouse proteins, were 
replaced by non-conserved residues. As vast majority of the mutations outside the 
RNA-recognition motif (RRM) in zebrafish did not result in a complete 
inactivation of Dnd function and maintained the ability to rescue a significant 
number of PGCs (Slanchev et al., 2009), two single amino acid alterations leading 
to an amino acid change within the RRM lead to loss-of-function, implying two 
amino acids are required for a proper function of Dnd in zebrafish (Slanchev et 
al., 2009). The RRM domain is predicted to contain RNA binding properties, thus 
playing a decisive role in any potential RRM-RNA complex formation. These two 
point mutations within the RRM domain were also designed, namely F81L with 
the phenylalanine at amino acid residue 81 being replaced by a leucine and N86K 
with a asparagine exchange to lysine, were fused to mcherry and similarly placed 
to the dnd 3’UTR leading to F81L:ch and N86K:ch. When NgVg embryos were 
injected with 50 pg of F81L:ch RNA, PGC formation was disrupted up to ~50%, 
with severe effect on PGC migration and survival, obvious developmental arrest 
of cells occurred to a large extend (Figure 3.4). Under the same conditions, 
embryos injected with N86K:ch RNA did not show phenotypical effect on PGC 
formation, but slightly impairing PGC migration (data not shown). Compared to 
the wildtype dnd RNA, both mutant forms carrying a point mutation each were 
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toxic to the embryonic development, so that up to 100% (n=30) could not survive 
later than 2 dpf.  
Coinjection with MOdd revealed no, or little activity of these proteins as 
measured by the number of PGCs in those embryos. They showed considerably 
differences upon coinjection with 50 pg of MOdd. F81L:ch RNA demonstrated 
little rescuing activity on PGC formation, arrest of embryonic arrest was clearly 
visible with effect on PGC migration and survival (Figure 3.5B); whereas no PGC 
could be rescued with N86K:ch RNA (Figure 3.5C), and the dnd-depleted 
embryos developed morphologically normal, just like with the truncations of 
dnd!1 and dnd!3 RNA. Thus, it is not the dnd RNA but the protein product that 
has PGC-inducing activity. 





Figure 3.4 Overexpression of F81L on PGC formation. (A) Control embryos. 
(B) Embryos injected with the RNA show strong defect in migration and remain 
ectopic (asteriks), with a tendency of forming big cell clumps (arrowed) or being 





Figure 3.5 Activity of F81L and N86K mutants. (A) Control embryos. (B) 
Embryos injected with MOdd and F81L:ch RNA. PGC formation could be 
partially rescued, whereas many of them show defects in migration (arrowed). 
Strong embryonic defects are visible. (C) Embryos injected with MOdd and 
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3.3 Ectopic PGCs are Genuine by Chimeric Assay 
In addition to gonadal PGCs in embryos injected with higher doses of dnd:ch 
RNA, there were also many GFP-positive cells  in ectopic sites outside the gonad 
(Figure 3.1E). To ascertain whether these ectopic GFP-positive cells were indeed 
of PGC identity, we performed chimeric assays to address this despondency 
(Figure 3.6A). Since the inaccessibility of these ectopic cells in advanced embryos 
for isolation and more importantly, the ability of dnd:ch RNA-injected embryos to 
form more PGCs in vivo and in vitro, we dispersed blastomeres from the 
midblastula Vg embryos that had received injection of up to 100 pg of dnd:ch 
RNA and transplanted them into non-transgenic blastula hosts. For comparison, a 
Vg embryo at 5 dpf has ~40 GFP-positive PGCs in the gonad (Figure 3.6B). Upon 
transplantation into 57 normal hosts, we obtained 37 chimeras, 20 of them had 
1~5 GFP-positive PGCs (Figure 3.6C). In total, 27 GFP-positive PGCs were seen 
in the collection of chimeras, all of which were found within the gonad. In order 
to analyze more donor blastomere-derived PGCs in a host environment, we made 
use of %-irradiated hosts. Sublethal %-irradiation compromises host development 
and boosts the donor cell contribution in chimeric medaka (Hong et al., 2010; Joly 
et al., 1999). A total of 38 donor-derived PGCs were found in 12 chimeras, all of 
them were present again in the gonad. Up to 12 PGCs were seen in such chimeras 
from irradiated hosts (Figure 3.6D). Most importantly, when dnd-boosted Vg 
blastomeres were co-transplanted with normal Vr blastomeres into irradiated hosts, 
both GFP-positive and RFP-positive PGCs were found overlapping within the 
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gonad (n = 4; Figure 3.6E). Altogether, the overwhelmingly majority – if not all – 
GFP-positive cells formed in dnd RNA-injected embryos, including perhaps also 
those at ectopic sites, must be bona fide PGCs, because of their proper 
temporospatial migration ultimately into the developing gonad, a property 
diagnostic of PGCs. The fact that GFP-positive cells formed in chimeras were all 




Figure 3.6 dnd acts cell-autonomously. Transgenic Vg embryos were injected 
with 50 pg of dnd:ch RNA, and cells were disassociated at the midblastula stage 
as transplantation donors into hosts of normal blastulae and blastulae from %-
irradiated embryos. (B-E) 5-day-old embryos of different strains, showing PGCs 
(green) in the gonad of the Vg donor (B) and chimeras (C-E). (E) Donor-derived 
cells (green) overlap with Vr-derived PGCs (red), pointing to their identity as 




3.4 Dnd is Not a Functional Homolog of the Drosophila Oskar 
The experiments described so far demonstrate Dnd as a limiting factor for PGC 
formation in medaka. In this regard, Dnd is similar to Oskar that represents the 
only limiting factor for PGC formation in Drosophila (Ephrussi and Lehmann, 
1992). Dnd is conserved in vertebrates but absent in invertebrates, and oskar is 
restricted to invertebrates. We wondered if Oskar and Dnd would share similar 
functions in PGC formation. To this end, we tested whether Oskar was able to 
replace Dnd for rescuing PGC formation in MOdd-injected medaka embryos. For 
this, we made a fusion gene between osk and His-tagged cherry (osk:ch; Figure 
3.2B),  and coinjected MOdd and the osk:ch RNA into NgVg embryos at the 1-
cell stage. With this combination, PGCs were never observed in a total of 51 
resultant embryos (Figure 3.7D). Therefore, oskar is unable to restore PGC 





Figure 3.7 Osk and Dnd mutants do not rescue PGC formation in dnd-
depleted medaka embryo. (A) NgVg embryos injected with 1 ng of MOddm. (B) 
NgVg embryos injected with 50 pg of MOdnd and 100 pg of dnd!1:ch RNA. (C) 
NgVg embryos injected with 50 pg of MOdnd and 100 pg of N86K:ch RNA. (D) 
NgVg embryos injected with 50 pg of MOdnd and 100 pg of osk:ch RNA. PGCs 





3.5 Effect of dnd-depletion 
3.5.1 Dnd Depletion alters the Initial PGC Number 
To determine whether the absence of PGCs observed from stage 21 onwards was 
indeed due to the absence of PGC formation or loss of established PGCs, we 
examined NgVg embryos earlier at stage 15 when PGCs are unambiguously 
visible by detecting GFP signal. Cell counting in more than 12 embryos revealed 
that the average PGC number was 22.3, 9.7, 0 and 49.8 in the MOddm-injected 
control, embryos injected with 20 pg and 50 pg of MOdd, and embryos injected 
with 50 pg of dnd:ch RNA, respectively (Figure 3.8A-E). These results indicate 
that a PGC decrease and loss in MOdd-injected embryos occurred as early as at 
stage 15, arguing against PGC loss between stage 15 and subsequent stages.  
 
Figure 3.8 Altered dnd expression alters the initial PCG number. (A-E) PGC 
number. Transgenic NgVg embryos were injected or not injected and observed for 
PGCs (green) at stage 15. Average PGC numbers and sample sizes (parenthesis) 
are given. 
350 µm 150 µm 
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3.5.2 Dnd Depletion does not cause PGC Death 
To rule out the possible loss of PGCs at even earlier stages, we examined cell 
death by acridine orange staining (Li et al., 2009). Compared to control embryos 
(Figure 3.9A), no difference was observed in MOdd-injected embryos at the 
blastula stage (Figure 3.9B and C), indicating that MOdd depletion does not cause 
cell death and loss of PGC is not due to PGC death. Collectively, PGC absence 
caused by dnd knockdown is perhaps due to the absence of PGC formation instead 





Figure 3.9 Acridine orange staining of dead cells in embryos at the blastula 
stage. MOdd does not cause cell death as evident by resemblance between  
MOddm-injected control and MOdd-injected embryos. (A) Control embryos at the 
midblastula stage. (B-C) MOdd-injected embryos at the midblastula (B) and late 






3.5.3 Dnd Depletion does not affect Somatic Development 
Dnd depletion strongly affects PGC formation as demonstrated in Subheading 3.1. 
In order to investigate the possibility of any somatic interference affecting PGC 
formation, we took a closer look at the soma development. Surprisingly, all the 
dnd-depleted embryos (n=333) show morphologically normal embryonic 
development. This pinpoints to the fact that dnd-depletion directly counteracts 
with the machinery of PGC formation, as the soma lineage remains unimpinged. 
3.6 Lineage Tracing of PGC Development in Single Cell Culture 
According to Nieuwkoop and Sutasurya (Nieuwkoop and Sutasurya, 1981), the 
first cells that will produce exclusively PGC by clonal mitotic divisions are PGCs. 
PGC precursors, which are often morphologically indistinguishable from the 
surrounding somatic cells, are called presumptive PGCs (pPGCs). At the final 
stage of fate decision, a pPGC divides to produce one PGC and one somatic cell. 
 Thus, PGC formation from pluripotent embryonic cells proceeds in 
multiple steps. A schematic diagram is illustrated (Figure 3.10A). In early 
developing embryos of diverse animal species, pluripotent stem cells are 
committed to pPGCs. A pPGC produces one somatic daughter cell and one PGC, 
in contrast to a PGC that only produces one daughter cell – namely a PGC. 
Therefore, the pPGC number is equal to the initial PGC number. The mechanism 
how one and the same pPGC could produce a PGC and a somatic daughter cells 
remains unraveled, asymmetric cell (AC) division might contribute to this 
phenomena. AC division is the uneven distribution of cytoplasmic components 
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(proteins and/or mRNA) to daughter cells during division, leading to two daughter 
cells having different developmental fates, thus implies different developmental 
pathways. It is a fundamental mechanism by which cell diversity is enabled and 
plays a crucial/essential role in a broad range of developmental processes. This 
paramountcy applies to stem cells, which divide asymmetrically to give rise to 
two distinct daughter cells: one daughter cell being identical to the original stem 
cell; another daughter programmed to differentiate into a specialized cell. This 
way maintains the stem cell pool and at the same time generates a differentiated 
cell for the need of the organism. 
3.6.1 PGC Formation in Culture from a Single Embryo 
We took several steps to develop a procedure for lineage tracing of PGC 
development in single cell culture, aiming at identifying all progeny of a single 
cell (Figure 3.11B). In medaka, PGCs can be formed in cultured blastomeres of 
embryos at the gastrula (Li et al., 2009) and even the midblastula stage in the 
absence of known inducing factors (Li et al., 2012). Cleavage blastomeres as early 
as from 32-cell embryos are capable of cultivation (Li et al., 2011). We wanted to 
ascertain whether cleavage blastomeres were capable of PGC formation in vitro. 
To this end, blastomeres from NgVg embryos were dissociated at the 32- and 64-
cell stage and seeded into 96-well plates, one embryo one well. PGCs were 
identified by phenotype (large size and round shape) and GFP expression. They 
were identified in culture from dissociated blastomeres of all of the 32-cell 
embryos (n = 24; Figure 3.10A and B) and the 64-cell embryos (n = 33; Figure 
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3.10C and D), demonstrating the ability of dissociated early blastomeres for PGC 




Figure 3.10 PGC formation in single embryo culture. Blastomeres are 
dissociated from NgVg embryos and seeded in 96-well plates, one embryo one 
well. Cells were photographed at 48 h of culture. PGCs are seen as large, round-





3.6.2 PGC Formation in Culture from a Single Blastomere 
We then checked the ability of cleavage blastomeres to form PGCs in single cell 
culture. NgVg blastomeres were individually seeded into 96-well plates, one cell 
one well. An experimental approach is schematically illustrated (Figure 3.11B).   
We observed PGCs in certain cultures of blastomeres dissociated at the 32- and 
64-cell stage. These PGCs were first visible until 14 h of culture identifiable by a 
larger size and faint GFP expression (Figure 3.11C and D), which became more 
distinct with brighter GFP signal until 48 h (Figure 3.11E and F) and 72 h of 
culture (Figure 3.11G and H). In developing NgVg embryos, PGCs are first 
visible by transgenic GFP expression until 17.5 hpf when embryogenesis reaches 
stage 15 (Figure 3.8B). At cell dissociation, the 32-cell embryo is at 3.5 hpf. With 
addition of this 3.5 h to 14 h of culture makes altogether 17.5 h, which seems to 
be required for PGC appearance in culture. Apparently, the timing of PGC 
appearance in vitro is comparable to that in vivo. Hence, medaka cleavage 
blastomeres are able to form PGCs in single cell culture.  
 We made use of this single cell culture system to determine the number of 
pPGCs as being capable of producing both PGCs and somatic cells from a single 
blastomere in one and the same well. We focused our PGC observation on day 2 
of culture because of the bright GFP signal for easy detection. A total of 378 
blastomeres from NgVg embryos at 64-cell stage were seeded for single cell 
culture, 331 survived PGC observations at day 3 of culture, which equals to 5.2 (= 
331/64) embryos at stage the 64-cell stage being used (Table 3.2), 42 of which 
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were pPGCs (Figure 3.11). The pPGCs are defined as cells that produced both 
GFP-positive PGCs and GFP-negative somatic cells. This gives rise to an 
efficiency of 12.7% for pPGC production, which is equivalent to 8.1 (= 42/5.2) 
pPGCs per embryo (Figure 3.11J). These 42 pPGCs produced a total of 181 PGCs, 
corresponding to 4.3 PGCs produced per pPGC, with PGCs being defined as 
GFP-positive cultured cells (Figure 3.11K). By extrapolation from these values, a 
medaka embryo is able to produce 37.3 PGCs at 3 dpf (Table 3.2). Although 
slightly higher than 23.2 obtained in whole blastula culture (Figure 3.1K), this 
value is comparable to 35.3 observed in developing embryos (Figure 3.1F), 
validating the usefulness of single blastomere culture for tracing PGC formation, 
proliferation/survival in vitro. These results also reveal the intrinsic PGC 
commitment as early as at the 64-cell cleavage stage. 
 
 Lineage tracing in single cell culture enabled us to determine the total 
number of daughter cells and the number of PGCs among cleavage blastomeres 
(Table 3.3). We observed 23 pPGC blastomeres and 23 somatic blastomeres. A 
pPGC blastomere is capable of developing GFP-positive PGC(s), whereas a 
somatic blastomere does not possess this ability. On average until 3 days of 
culture, a pPGC blastomere produced 56.7 (=1305/23) daughter cells, whereas a 
somatic blastomere produced 36.1 (=570/23) daughter cells. This indicates that 
pPGC blastomeres have a higher mitotic activity than somatic blastomeres. A 
closer comparison revealed a remarkable difference between pPGC blastomeres in 
the relative ability to produce PGCs versus somatic cells. We refer this relative 
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ability to germ cell index (GCI). The PGC number varied in a narrow window 
from 3 to 7 among pPGC blastomeres with an average of 4.4 PGCs. Interestingly, 
the PGC number is not proportional to the total number of daughter cells per 
pPGC blastomere. For example, two pPGCs produced a total of 22 daughter cells 
each, 4 of which were PGCs, leading to a GCI of 18.2 (18.2% of daughter cells 
are PGCs), whereas one pPGC produced 216 daughter cells, only 4 of which were 
PGCs, giving rise to a GCI of 1.9, leading to a maximal difference by up to ~10 
fold. The average GCI from the 23 pPGC blastomeres was found to be ~8.1. 
Therefore, even pPGC blastomeres possess considerable heterogeneity in mitotic 




Figure 3.11 dnd determines the number of PGC precursors. (A) Conceptual 
lineage separation between the soma and germline. (B) Schematic illustration of 
lineage tracing in single cell culture. Blastomeres are dissociated from transgenic 
NgVg embryos at cleavage stages and individually seeded in 96-well plates. (C-H) 
PGCs from each of single blastomeres of 32- and 64-cell embryos at 14 h, 48 h 
and 72 h of culture. (I-K) Statistics of PGC formation at 2 days of single cell 
culture. Data are means ± s.d. from 7 (dnd RNA) and 10 (control) independent 
experiments. Statistically very significant differences (**; P & 0.01) were derived 






































control 378 331 42 
(12.7) 




288 275 57 
(20.7) 
241 4.2 13.3 57.1 
 
1)
 NgVg embryos were used for culture. PGCs were monitored daily and counted 
at 3 dpc. Data are means s.d of at least seven batches of experiments. 
2)
 Live cells by observation at 3 dpc. The survival rate was derived by comparison 
to the number of cells seeded. 
3)
 Cells that produced both GFP-positive PGCs and GFP-negative somatic cells at 
day 2 of culture. Percentages were derived by comparing to the total number of 
blastomeres survived. 
4)
 Determined by comparing the number of PGCs to that of pPGCs. 
5)
 Determined by comparing the number of pPGCs to that of blastomeres cultured, 
and calibrated with the total number of 64 cells per embryo at cell culture 
initiation. 
6)
 Extrapolated by multiplying the number of pPGCs and the average number of 
PGCs per pPGC, and calibrated with the total number of 64 cells per embryo at 
cell culture initiation. 
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pPGC blastomeres (at 3 dpc) Somatic blastomeres 













at 2 dpc at 3 dpc 
1 33 5 28 15.2 1 36 59 
2 33 3 30 9.1 2 12 12 
3 49 4 45 8.2 3 18 26 
4 20 3 17 15 4 28 37 
5 216 4 212 1.9 5 15 15 
6 18 3 15 16.7 6 4 4 
7 66 3 63 4.5 7 22 28 
8 71 5 66 7.0 8 4 4 
9 17 3 14 17.6 9 8 8 
10 61 6 55 9.8 10 39 55 
11 22 4 18 18.2 11 4 4 
12 30 4 26 13.3 12 24 34 
13 125 7 118 5.6 13 24 52 
14 22 4 18 18.2 14 20 28 
15 45 7 38 15.6 15 20 23 
16 44 5 39 11.4 16 26 38 
17 97 4 93 4.1 17 16 20 
18 29 4 25 13.8 18 28 34 
19 79 5 74 6.3 19 21 28 
20 48 5 43 10.4 20 59 80 
21 73 6 67 8.2 21 82 140 
22 19 3 16 15.8 22 33 47 
23 88 5 83 5.7 23 27 55 



















  The 23 pPGCs were as presented in Table S1, and 23 somatic blastomeres were 
randomly sampled in the first batch were scored at 2 and 3 dpc. 
2)





3.7 dnd RNA Injection induces pPGCs 
We traced dnd-dependent PGC development in single cell culture. Since dnd 
knockdown causes the complete absence of PGCs in vivo and in vitro (Figure 3.1F 
and K), we analyzed how dnd overexpression enhanced the PGC number. To this 
end, 64-cell NgVg embryos from zygotic injection with 50 pg of dnd:ch RNA 
were used for single cell culture. A total of 288 blastomeres from dnd:ch RNA-
injected NgVg embryos at the 64-cell stage were seeded, among them 275 
survived PGC observation at day 2 of culture (Table 3.2), which equals to 4.3 (= 
275/64) embryos at stage the 64-cell stage being used (Table 3.2), 57 of which 
were pPGCs (Figure 3.11I). This gives rise to an efficiency of 20.7% for pPGC 
production, corresponding to 13.3 (=57/4.3) pPGCs per embryo (Figure 3.11J). 
Therefore, dnd RNA injection at 50 pg increases the pPGCs number by up to 64%. 
On average, a pPGC from dnd:ch RNA-injected embryos produced 4.2 PGCs 
(Table 3.2), which is fully comparable to that of pPGCs from control embryos. 
Consequently, the PGC number per embryo increased by 53% to 57.1 upon 
dnd:ch RNA injection, which are comparable to the values obtained with whole 
midblastula embryo cultures (Figure 3.1K). Taken together, Dnd overexpression 
boosts PGC production through increasing the pPGC number without increasing 
PGC survival and/or proliferation. 
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3.8 Molecular Mechanism by Which Dnd Works  
3.8.1 Dnd suppresses miRNA-mediated mRNA Degradation 
In diverse animals, early development is controlled by maternal gene products in 
the absence of zygotic transcription. In this regard, miRNAs play an essential role 
in controlling maternal clearance through binding to the 3' untranslated region of 
target RNAs (Schier, 2007). Specifically, zebrafish MiR-430 promotes 
degradation of maternal mRNAs (Giraldez et al., 2006), and this degradation is 
suppressed by Dnd in cultured human germline cells and zebrafish PGCs through 
inhibiting the accessibility of miRNAs to target mRNAs such as nanos1 and tdrd7 
(Kedde et al., 2007).  
3.8.1.1 Protection of gfp-miR430 mRNA from Degradation 
We determined whether Dnd protects maternal RNAs from miRNA-mediated 
degradation in medaka. For this, we exploited the GFPmir430 RNA for a reporter 
assay (Figure 3.12A). GFPmir430 encodes GFP and contains three copies of the 
mir-430 target site, which expresses GFP at a significantly higher level in 
miRNA-absent zebrafish embryos null-mutant for the Dicer than in control 
embryos (Giraldez et al., 2006).  
Upon coinjection into medaka embryos at the 1-cell stage, GFP expression 
from injected GFPmir430 RNA was monitored at stages 16 and 26. Zygotic 
coinjection with dnd:ch RNA, but not dnd"1:ch RNA was able to prevent the 
GFPmir430 RNA from degradation in somatic cells, as evidenced by a high level 
of GFP expression in  many cells that obscures PGC identification by the GFP 
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signal (Figure 3.12B-C”). Though coinjection with dnd"1:ch does not protect the 
GFPmir430 RNA from degradation in somatic cells, but endogenous dnd  RNA 
soon becomes active in stabilizing the GFPmir430 RNA specifically in PGCs, 
thus allows for PGC identification (Figure 3.12C-C”). In contrast, coinjection with 
dnd"1:ch RNA and MOdnd inhibited GFP expression to a barely detectable level 




Figure 3.12 Dnd suppresses miRNA-mediated mRNA degradation. (A) 
Schematic illustration of reporter assay. (B-D’’) dnd RNA injection protects 
GFPmir430 RNA from degradation. Embryos were injected at the 1-cell stage 
with 50 pg of GFP3miR430 RNA together with dnd:ch RNA, dnd"1:ch RNA and 
dnd"1:ch RNA plus MOdnd, and monitored for GFP expression at stages 16 and 
26. (B-B”) dnd RNA injection protects the GFPmir430 RNA from degradation in 
somatic cells and obscures PGC identification. (C-C”) dnd"1 RNA injection does 
not protect the GFPmir430 RNA from degradation in somatic cells and allows for 
PGC identification (asterisks). (D-D’’) Coinjection of dnd"1 RNA and MOdnd 
leads to degradation of the GFPmir430 RNA and absence of PGC formation. 





3.8.1.2 Protection of gfpNOS mRNA from Degradation 
nanos RNA is a highly conserved germ plasm RNA component from Drosophila 
to vertebrates. We asked if Dnd interacts with nanos. To this end, plasmid 
pCSgfpNOS was constructed (Figure 3.13A). Capped gfpNOS RNA was 
generated with GFP fused to the zebrafish nanos1 3’-UTR capable of localized 
expression in PGCs (Koprunner et al., 2001). This capped mRNA was used for 
coinjection in place of GFPmir430 RNA. Similar result was obtained as with 
GFPmir430 setup (Figure 3.13). The zebrafish nanos1 3’UTR contains a target 
seed match for miR-430 at 147~153 (blue, Figure 3.2B, 3.13A) as previously 
described (Giraldez et al., 2006). The seed match is the most 5’ part of the 
miRNA, which is very important for target site recognition. It also includes 2 
putative Dnd interaction sequences (red, Figure 3.2C) (Kedde et al., 2007). In 
medaka, we found that gfpNOS RNA exhibited quicker clearance than 
GFPmiR430 RNA in somatic cells, allowing for earlier detection of individual 
PGCs in the migratory route (Figure 3.13B-B’’) and even ectopic PGCs induced 
by Dnd overexpression (Figure 3.13D-D”). It deserves to note that the medaka 
brain exhibits a relatively high level of reporter expression from RNAs containing 
the UTR of medaka vasa (Figure 3.7), zebrafish nanos1 (Figure 3.13) or only the 
miR430 binding site (Figure 3.12B”-D”). Collectively, Dnd counteracts with 
miRNA-430 to regulate maternal RNA turnover and translation for medaka PGC 
development. Dnd binds to target RNAs, stabilizes them and thus makes them 




Figure 3.13 Dnd protects gfpNOS mRNA from degradation. (A) Schematic 
illustration of reporter assay. (B-D) dnd RNA injection protects the gfpNOS RNA 
from degradation. Embryos were injected at the 1-cell stage with 50 pg of gfpNOS 
RNA together with dnd:ch RNA, dnd!1:ch RNA and dnd!1:ch RNA plus 
MOdnd, and monitored for GFP expression at stages indicated. (B and B’) GFP 
expression is high in PGCs and hardly detectable in somatic cells. (C and C’) PGC 
absence and barely detectable GFP in somatic cells. (D and D’) Enhanced GFP 
expression in somatic cells obscures PGC identification. (B”) Clearly visible 
PGCs and their normal positions. (C”) Absence of PGCs. (D’’) Many PGCs 
induced by dnd:ch RNA injection, some of which are seen also at ectopic sites 
such as the head (top). asterisks, PGCs; hashes, somatic cells; od, oil droplet. The 




3.8.2 Dnd Protein but Not dnd RNA functions in PGC Formation 
The results clearly demonstrated that medaka Dnd affects a miRNA-mediated 
repression (miR-430, details see Subheading 3.8.1.1) of specific mRNAs (among 
them is zebrafish nanos1, details see Subheading 3.8.1.2). Dnd may block others 
from accessing a miRNA target site. Indeed one miR-430 seed match is 
characterized in the 3’UTR sequence (147-153) of zebrafish nanos1 (Figure 3.2C, 
blue highlighted). Apart from that, 2 putative Dnd interaction sequences have also 
been identified in the sequence, 128~146 and 195~203, respectively (Figure 3.2C, 
red highlighted). A UA-rich region in the nanos1 3”UTR sequence (128-146) is 
located directly 5’ of the miR-430 seed match (147-153). Although pairing 
between the miRNA and the bases upstream of the seed match may not be 
required for miRNA activity, it seems likely that miRISC will be sterically 
hintered by a protein binding to that region (Ketting, 2007). And Dnd may be one 
of those proteins by binding to specific regions and thus making the mRNA 
inaccessible to others molecules.      
3.9 Localization of dnd Products 
3.9.1 dnd RNA Segregation in Early Embryos 
We have previously shown that medaka dnd RNA expression identifies adult 
germ cells in the gonad and well-established PGCs of advanced embryos from 
stage 22 onwards (Liu et al., 2009). The essential role of dnd in PGC specification 
provoked us to analyze its temporospatial expression during early embryogenesis 
by wholemount in situ hybridization. We found that in a majority (91%; n = 145) 
of cleavage medaka embryos, the dnd RNA predominantly formed prominent 
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cytoplasmic particles (Figure 3.14A-C), which we have never seen with the 
transcripts of other medaka germ genes such as boule, dazl (Xu et al., 2009) and 
vasa (Xu et al., 2005).  As early as in the 1-cell stage embryo, ~40 particles of 
varying shapes and sizes ranging from 1 #m to 30 #m were randomly, not 
localized to any particular region of the embryo (Figure 3.14A). In 2~16-cell 
embryos, cells were different in the absence and presence of particles, and even 
particle-bearing cells differed from each other in the number of particles, pointing 
to irregular asymmetry of particle distribution between daughter cells (Figure 
3.14A). In the midblastula embryo comprising ~2000 cells, the dnd RNA was 
seen in 6~11 prominent particles (Figure 3.14B). When the blastoderm was 
separated from the yolk and processed for a closer observation, the dnd RNA 
signal was found to be restricted to the deep cell layer and absent in the 
extraembryonic yolk syncytial layer. A closer inspection at larger magnification 
revealed that the prominent particles were frequently associated with 3~7 nuclei 
(Figure 3.14C).  
The yolk syncytial layer is a membrane-enclosed group of nuclei that lie 
on top of the yolk cell. As deep cell layer contains cells of the blastoderm 
eventually giving rise to the embryo's three germ layers (ectoderm, mesoderm and 
endoderm), pointing to dnd contributing to the embryo formation. Until stage 13, 
the dnd RNA eventually became dispersed and concentrated in the perinuclear 
region of PGCs (Figure 3.14D and E). Restricted distribution of prominent dnd 
RNA particles and wide distribution of diffused dnd RNA signal were most 
Results 
 99 
evident in midblastula embryos after two-color in situ hybridization (Figure 
3.14F). A midblastula embryo usually has 6~11 big particles of 20~30 #m in size, 
~5 medium-sized (10~20 #m) particles and ~30 small particles of %8 #m (Figure 
3.14F). The vasa RNA in turn did not form particles and distributed widely among 
deep cells (Figure 3.14F). Taken together, the medaka maternal dnd transcript is 
deposited predominantly as cytoplasmic particles and asymmetrically segregated 
into a small subset of randomly positioned blastomeres before its perinuclear 




Figure 3.14 dnd RNA expression during early embryogenesis by in situ 
hybridization. (A) Cleavage embryos at 1~16-cell stages, showing dnd RNA 
particles and their intercellular distribution. (B) Midblastula embryo, showing 
prominent dnd RNA particles in the deep cell layer (DCL) but absent in the 
extraembryonic yolk syncytial layer (YSL). (C) Large magnification of the area 
framed in (C), highlighting association of prominent particles with multiple nuclei 
(blue). (D) Early gastrula embryo squash, showing PGCs scattered at the 
submarginal region. (E) Large magnification of the area framed in (D), 
highlighting perinuclear localization of dnd RNA within single PGCs. (F) Two-
color fluorescence in situ hybridization with dnd (red) and vasa (green) riboprobes, 
showing the diffuse signal and prominent particles of dnd RNA and widespread 
distribution of vasa RNA as the diffuse signal only. 
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3.9.2 Dnd Protein Segregation in Early Embryos 
3.9.2.1 Seggregation of Wildtype Dnd Protein 
dnd RNA transcripts was shown inimitably forming cytoplasmic particles. Next 
we were interested in the segregation and intracellular localization of the Dnd 
protein during early embryogenesis. To this end, capped mRNAs of H2B-GFP 
(Histone type 2B fused to GFP) and Dnd-Ch (dnd fused to cherry) were 
coinjected into embryos at 1-cell stage. At various stages of early embryonic 
development, ranging from 64-cells to stage 13, single cells were isolated and 
applied for microscopy. Upon microinjection with 50 pg of dnd:ch RNA, the 
Dnd:Ch signal becomes clearly visible until the 8-cell stage (Liu et al., 2009).  
First, we studied the segregation and intracellular localization of Dnd-Ch 
fusion protein, in direct comparison to the nuclear Histone-GFP protein. Histone 
type 2B is a protein component of nucleosome in the nucleus, thus serving as a 
location signal directing the fusion protein H2B-GFP into the nucleus. In a 
sequential and serial observation, individual cells of embryos at the 128-, 256-, 
~350-, 512-cell and stage 10 (1k-cell), 11 (2k-cell), 12 (4k-cell), 13 were isolated 
and applied for microscopy, respectively. In all the stages analyzed, Histone-GFP 
was consistently and exclusively found in the nucleus, whereas the intracellular 
distribution of Dnd-Ch showed significant variation due to embryonic stage and 
timing of observation (Figure 3.15). Histone-GFP retained a uniform distribution 
pattern, namely solely and specifically in the nucleus; at stages &256-cell, Cherry 
was seen evenly distributed in the cells.  Two salient features for Dnd-Ch 
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expression and distribution were observed. One was the formation of cytoplasmic 
particles of various sizes starting at 350-cell (Figure 3.15); the other one is 
asymmetric segregation, which was most evident at the ~512-1k-cell stage. 
Asymmetric segregation led to a lower efficiency of cell labeling by Dnd-Ch 
expression than by H2B-GFP expression at several critical stages of development 
(Table 3.4). It was visible from 128-cell stage onwards and peaks at the 1k-cell 
stage before it declines subsequently (Table 3.4), and particle formation also 
showed a similar tendency (Figure 3.17).  
In order to rule out the ability of forming particles by Dnd-Ch was not due 
to the peculiar nature of the mCherry protein, control experiment with mRNAs of 
CherrySV (monomer cherry fused to SV40 UTR) and Dnd-GFP was similarly set 
up (Table 3.2). Alone as a control, mCherry did not show this feature and Dnd-
GFP exhibited a similar pattern of particle formation like Dnd-Ch (Figure 3.16). 
Without any location signal, mCherry protein was evenly distributed within the 
cell; Dnd-GFP fusion protein was predominantly found in the cytoplasm, with 
cytoplasmic particle formation. Compared to Dnd-ch forming particles in 
blastomeres starting at ~350-cell stage, Dnd-GFP injected blastomeres showed 
particle formation about one hour later in developmental stage, first at ~500-cell 
stage. This phenomenon might be due to the intrinsic property of mCherry and 
GFP, making the former easier for detection, the latter requiring a stronger 
fluorescence signal to be visualized. Asymmetric segregation was visible from 
128-cell stage onwards and peaks at the 2k-cell stage (Table 3.5).   
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Symmetric and asymmetric dividing particle forming cells were closely 
investigated (Figure 3.17). Cells containing Dnd:Ch or Dnd:GFP fusion protein 
show similar pattern of cell division.  A high percentage of particle forming cells 
were observed with the peak with blastomeres from 2-k cell embryos (Figure 
3.17). Among them, the portion of cells diving symmetrically or asymmetrically 
did not vary significantly from each other (Figure 3.17, Tables 3.4a, 3.5a).  




Figure 3.15 Asymmetric segregation and particle formation of Dnd protein 
during early embryogenesis. (A) Plasmid vectors pCSH2B-GFP and 
pCSdnd:cherry. CV, promoter; dnd, dnd cDNA; His, his tag; UTR, medaka dnd 
untranslated region; SV, SV 40 signal; SP6, SP6 promoter for RNA synthesis. (B-
F) Intercellular and intracellular distribution. One-cell embryos were co-injected 
with RNAs for H2B:GFP and Dnd:cherry, and monitored for the intercellular and 
intracellular distribution of H2B:GFP (green; nuclear) and Dnd:cherry (red). 
Dynamic alteration of Dnd:cherry protein at the 256-cell stage (B), 350-cell stage 






Figure 3.16 Dnd:GFP fusion protein forms cytoplasmic particles. (A) 
Schematic drawing of the plasmids used. DD3, dnd 3” UTR; SV, SV40 UTR. (B) 
Dnd-GFP protein forms cytoplasmic particles, pointing to the intrinsic property of 
Dnd protein to direct the particle formation. Cherry without any localization 






Table 3.4 Intercellular and intracellular distribution of Dnd-Ch protein 
1)
 
No. of cells, n 
2) Segregation, n (%) 3) Particle, n (%) 4) Stage 
 
Embryo, n 
 total G+ R+ Sym Asym Sym Asym 
128-cell 4 48 43 36 26 10 (27.8) 0 0 (0) 
256-cell 8 17 16 15 11 4 (26.7) 0 0 (0) 
350-cell 14 241 200 183 86 14 (7.7) 38  45 (24.6) 
512-cell 13 267 182 128 28 30 (23.4) 34  36 (28.1) 
1k-cell 9 201 137 85 13 15 (17.6) 29  28 (32.9) 
2k-cell 11 153 119 75 13 0 (0) 50 12 (16.0) 
4k-cell 10 108 79 52 7 4 (7.7) 27 14 (26.9) 
St13 10 209 131 94 28 7 (7.4) 26 33 (35.1) 
 
1)  
Embryos were coinjected with H2B:gfp and dnd:cherry RNAs and sorted at 32- 
or 64-cell stage for equal GFP intensity, and dissociated in DMEM into single 
blastomeres (1~4 cells in a cluster) at different stages. After incubation for 15~30 
min to allow for 1 incomplete division (to allow for formation of 2~8 cells to 
detect asymmetry; if 2~4 cells already in fresh dissociation, incubation step can be 
omitted), cells were observed/photographed, Cells were counted for #total, #GFP 
(G+; H2B as internal control), #RFP (R+) consisting of R+ diffuse (Rd) & R+ 
particle (Rp). Sym, symmetric division product; asym, asymmetric division 
product. 
Stage 13 is used as calibration point, as visible PGCs has been described until this 
stage by Tanaka (Tanaka, 2007). 
2) 
Number of GFP+ and Cherry+ cells observed. 
3) 
Cherry+ cells with diffuse distribution, showing symmetric and asymmetric cell 




Particle forming Cherry+ cells, showing symmetric and asymmetric cell division. 














Table 3.5 Intercellular and intracellular distribution of Dnd-GFP protein 
1) 
 






), n (%) Cherry cells 
(R
+
), n (%) 
Gd Gp Rd 
Stage Em-
bryo
, n Sum G+ R+ 
Sym Asym Sym Asym Sym Asym 
64-cell 6 55 35 39 20 15 
(42.9) 
 0  0 23 16 
(41.0) 
128c 5 192 171 164 36 96 
(56.1) 
 0  0 93 71 
(43.3) 
256-cell 4 97 79 89 40 39 
(49.4) 
 0  0 50 39 
(43.8) 
350-c 4 223 193 203 136 57 
(29.5) 
 0  0 143 60 
(29.6) 
































Embryos were coinjected with Dnd:gfp and Cherry RNAs and sorted at 32- or 
64-cell stage for equal GFP intensity, and dissociated in DMEM into single 
blastomeres (1~4 cells in a cluster) at different stages. After incubation for 15~30 
min to allow for 1 incomplete division (to allow for formation of 2~8 cells to 
detect asymmetry; if 2~4 cells already in fresh dissociation, incubation step can be 
omitted), cells were observed/photographed, Cells were counted for #total, #GFP 
(G+) consisting of G+ diffuse (Gd) & G+ particle (Gp)., #RFP (R+ as control). 
Sym, symmetric division product; asym, asymmetric division product. 
2) 
Number of GFP+ and Cherry+ cells observed. 
3) 
Particle forming and diffuse GFP+ cells, showing symmetric and asymmetric 
cell division. Percentage is derived by comparison to number of GFP+ cells (G+). 
4) 
Cherry+ cells showing symmetric and asymmetric cell division. Percentage is 












Figure 3.17 Asymmetric partition of Dnd particles. (A) Dnd-Ch with H2B-




Table 3.4a Dnd:Ch forms particles and segregates asymmetrically 
Rp,  % 
1) Particle,   % 
2) Stage 
  Sym Asym 
128-cell 0.0 0.0 0 
256-cell 0.0 0.0 0 
350-cell 45.4 20.8 24.6 
512-cell 54.7 26.6 28.1 
1k-cell 67.1 34.1 32.9 
2k-cell 82.7 66.7 16 
4k-cell 78.8 51.9 26.9 




from comparison to total cell number.  
2) 
Percentage of symmetrically and asymmetrically dividing cells compared to 
particle forming Cherry+ cells (Rp). 
 
Table 3.5a Dnd:GFP forms particles and segregates asymmetrically 
Stage  Gp ,% 
1) Particle, % 
2) 
  Sym Asym 
256-cell 0 0 0 
350-cell 0 0 0 
512-cell 69.2 39.9 29.3 
1k-cell 54.2 29.4 24.8 
2k-cell 82.9 37.4 45.5 
4k-cell 62.5 23.4 39.1 




from comparison to total cell number.  
2) 
Percentage of symmetrically and asymmetrically dividing cells compared to 
particle forming GFP+ cells (Gp). 
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3.9.2.2 Seggregation of Dnd Mutant Proteins 
As the Dnd protein uniquely forms cytoplasmic particles, we asked if particle 
formation would be necessary for its function in PGC development. Capped RNA 
for dnd!1:ch or dnd!3-ch was injected into normal medaka embryos at the 1-cell 
stage. Blastomeres were similarly isolated and applied for microscopy. Both 
deletion variants showed ubiquitous distribution of the fusion protein, with clear 
abrogation of cytoplasmic particle formation (Figure 3.18). As extensive C-
terminal truncations of Dnd did abrogate the localization of the protein of these 
structures, suggesting that the RNA recognition motif alone is not sufficient for 
targeting the protein to its normal location in the cell. We then tested F81L and 
N86K which contains a point mutation within RRM each, for their protein 
localization. Yet these two point mutations showed considerably differences in 
subcellular localization. F81L mutated proteins maintained the ability of 
cytoplasmic particle formation, but at a significantly reduced degree, ~10% of the 
WT Dnd fusion protein (Figure 3.19A and B); while N86K mutated proteins fully 
maintained particle formation without any visible difference (Figure 3.19C and D) 
compared to the WT Dnd fusion protein (Figure 3.18A and B).  
Altogether, these findings suggest that protein sequences within the C-
terminal part of Dnd play an important role for protein localization and function. 
Amino acid residues within the RRM have different tasks. While amino acid 
residue 81 is involved in signaling localization, amino acid residue 86 is essential 
for proper protein function. 
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Figure 3.18 Subcellular localization of Dnd deletion mutants. (A-B) Dnd:Ch 
and H2B-GFP coinjected blastomeres show the unique particle formation. 
Blastomeres of embryos from 800-cell and 4000-cell (B). Particle formation is 
abolished in Dnd&1:ch (C) and Dnd&3:ch (D-E). (C-E) Cells are disassociated, 




Figure 3.19 Subcellular localization of Dnd point mutations. (A-B) F81L:ch 
RNA injected blastomeres maintains the ability of particle formation at a reduced 
degree. (C-D) Particle formation is unaffected in N86K:ch RNA injected 




3.10 Germline Replacement 
The easy manipulation of PGC formation in medaka by altering Dnd expression 
provoked us to test the possibility for germline replacement by chimera formation 
(Figure 7A). In order to quantify relative efficiencies of donor contribution to the 
germline and somatic lineages of the host, we produced PbLrVg embryos as 
donors for transplantation into host blastula embryos of albino strain i
3
. PbLrVg 
embryos contain three dominant markers for black pigmentation (Pb), red liver 
(Lr) and green PGCs (Vg). To compare the efficiency of germline chimera 
formation by altering the dnd expression level, we explored three different donor-
host combinations, leading to the production of three classes of chimeras: Class I 
was between normal transgenic donor and normal host embryos, class II was 
between dnd RNA-injected transgenic donors to normal hosts, and class III was 
between dnd RNA-injected transgenic donors and MOdd-injected hosts (Figure 
3.20A).  
 As expected, dnd RNA injection into donor embryos increased the 
efficiency of PGC colonization in class-II chimeric fry (Figure 3.20B). In class-II 
chimeric adults, PGC in the ovary and testis were of both donor and host origins, 
thus the gonads include few donor-derived GFP-positive and host-originated GFP-
negative cells (Figure 3.20C). In certain class-III chimeras, PGC were all GFP-
positive, whereas the liver contained both RFP-negative and -positive cells 
(Figure 3.20C), demonstrating chimerism in a somatic organ but complete 
germline replacement by PGC enhancement in the donor and entire PGC-ablation 
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in the host via altering dnd expression. 
 The donor embryo-derived control fish and chimeras were grown into 
adulthood and progeny-tested via crossing with i
3
, and progeny embryos and fry 
were observed for three traits - namely pigmentation, liver and gonad. Eight donor 
embryo-derived fish produced 494 progeny, of which 48.6%, 33.2% and 33.6% 
exhibited black pigmentation, GFP-positive PGC and red liver, which are not 
different from 50% expected for the pigmentation locus and %50% for the Vg and 
Lr loci in the pool of PbLrVg donor embryos (Table 3.6). Germline transmission 
of 5 class-I chimeras produced between normal donor and normal host embryos 
was found at a low efficiency of 1~2.5% for each of the 3 loci. These values 
increased considerably to 13%, 7% and 16%, respectively, in class-II chimeras (n 
=6). Most importantly, these values in class-III chimeras (n=10) were 49.7%, 
30.1% and 33.2%, which are not different from those obtained in the donor 
embryo-derived control fish (Figure 3.20D). It deserves to note that one of the 10 
class-III chimeras (serial number 6 in Table 36) did not contain a GFP-positive 
PGC but transmitted 52.5% black pigmentation and 40.7% red liver to its progeny, 
also revealing 100% of donor origin for PGC. Taken together, all the 10 class-III 
chimeras contain PGC exclusively of donor origin. These results demonstrate that 
altering Dnd expression in the donor and host allows for 100% germline chimera 




Figure 3.20 Germline chimeras and germline transmission by altering dnd 
expression. (A) Donor-host combinations and classes of chimeras. (B) Class-III 
chimeric fry. (C) Gonads and liver of chimeric adults. (D) Germline transmission 
by test crosses. Data are means ± s.d. of 5~10 animals for donor and each class of 
chimeras. **, very significant difference (P & 0.01) compared to the values of 




Table 3.6  Germline transmission 
1)
 
Phenotypes, n (%) 





tation PGC Liver 
1 ( 98 46 0 (0) 48 (49.0) 
2 ( 64 31 30 (46.9) 33 (51.6) 
3 ( 73 36 34 (46.6) 38 (52.1) 
4 ( 55 29 26 (47.3) 0 (0) 
5 ) 46 22 21 (45.7) 22 (47.8) 
6 ) 61 30 32 (52.5) 0 (0) 
7 ) 53 25 0 (0) 25 (47.2) 









Vg) - sum 494 240 (48.6) 164 (33.2) 166 (33.6) 
1 ( 243 0 0 0 
2 ( 258 18 (7.0) 13 (5.0) 0 
3 ( 186 0 0 0 
4 ) 96 3 (3.1) 2 (2.1) 8 (8.3) 
5 ) 44 0 0 0 Class I 
Chimera normal normal sum 827 21  (2.5) 15 (1.8) 8 (1.0) 
1 ( 64 4 (6.3) 4 (6.3) 2 (3.1) 
2 ) 85 12 (14.1) 6 (7.1) 9 (10.6) 
3 ) 60 17 (28.3) 14 (17.2) 21 (35.0) 
4 ) 37 5 (13.5) 0 (0) 12 (32.4) 
5 ) 68 5 (7.4) 2 (2.9) 9 (13.2) 
6 ) 66 7 (11.7) 0 (0) 7 (10.6) Class II 
Chimera 
dnd:ch 
RNA normal sum 380 50 (13.2) 26 (6.8) 60 (15.8) 
1 ( 78 36 (46.2) 17 (21.8) 25 (32.1) 
2 ( 65 30 (46.2) 26 (40.0) 18 (27.7) 
3 ( 80 35 (43.8) 20 (25.0) 10 (12.5) 
4 ( 66 30 (45.5) 20 (30.3) 23 (34.8) 
5 ( 52 34 (65.4) 32 (61.5) 27 (51.9) 
6 ( 59 31 (52.5) 0 (0) 24 (40.7) 
7 ) 39 21 (53.8) 11 (28.2) 23 (59.0) 
8 ) 70 39 (55.7) 22 (31.4) 17 (24.3) 
9 ) 67 30 (44.8) 25 (37.3) 24 (35.8) 
10) 3 2 (67.7) 1 (33.3) 1 (33.3) Class III  
Chimera 
dnd:ch 
RNA MOdnd sum 579 288 (49.7) 174 (30.1) 192 (33.2) 
 
1) 




 albino medaka with 
GFP-labeled PGCs and RFP-labeled liver, resulting from crossing between Vg (VASgfp) 
and Lr (liver red). The resultant hybrids are called HGLi
3
, which are heterozygous for 
black pigmentation but heterogeneous (homozygous, heterozygous or negative) for GFP-
PGCs and RFP-liver. For chimera formation, pooled HGL i
3
 embryos were injected at the 
1-cell stage with synthetic dnd RNA (100 pg/embryo), dissociated at the midblastula 
stage into single cells for transplantation into non-transgenic i
3
 blastula hosts with or 
without injection of MOdd (1 ng/embryo) at the 1-cell stage. Sibling HGL i
3
 embryos 
without cell transplantation were allowed to develop into adulthood as control for 
comparison. Non-transgenic albino i
3
 was used for test crosses.  
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3.11 Recombinant Protein Expression 
3.11.1 Dnd Protein Expression 
In order to obtain structural data to improve the understanding of Dnd functions, 
biophysical methods were aimed at investigating the Dnd protein at a higher 
resolution. 
Using an algorithm that is available online (www.predictprotein.org), 
sequence analysis, structure and function prediction was done for the medaka Dnd 
protein (Figure 3.21). The PROF method is a program suitable and used for 
predicting the secary structure (PROF: B Rost & C Sander (1993) J Mol Biol, 





The predicted secondary structure type composition (%) in the Dnd 
protein: helix (H; 37.37), sheet (E; 13.44), loop (L, neither helix nor sheet; 49.19). 
The large percentage of up to 50% of loop region predicted a large portion of 
insoluble protein fraction to start with. 
For this purpose - as a first attempt - WT dnd full-length coding sequence 
was cloned into pET-32a(+) with the Trx•Tag removed. Like the zebrafish Dnd 
protein expression failing due to protein insolubility (Slanchev, 2008), this 
expression system in the pET-32a-derived expression vector (a diagram is 
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illustrated in Figure 3.21) could also not compass the expression of the target 
protein.  
 In a second attempt, WT dnd full-length coding sequence was cloned into 
the original pET-32a(+) vector with the intact Trx•Tag serving as a solubilization 
tag. The Trx•Tag is 14 kilo Dalton (kDa) in size and generally increases the 
solubility of the fusion protein.  Like the zebrafish Dnd coding sequence fused to 
GST tag being expressed in the pGEX background (Liu, 2010), Trx-6xHis-Dnd 
was successfully expressed, yet at a relatively low expression level. After an 
overnight induction with 0.3 mM IPTG at 20°C with agitation, there was no 
significant alteration of protein expression in the induced sample compared to the 
uninduced sample. Following protein purification process, the Trx-6xHis-Dnd 
fusion protein was enriched by binding to Ni-NTA matrices and eluted in elution 
buffer (Figure 3.22A). Elution #3 (EL3) was applied to thrombin digestion to 
remove the Trx•Tag at different cleavage time, resulting in a seemingly complete 
cleavage after 12 hours at a low concentration of recombinant protein, with 
distinct bands of Trx•Tag (15 kDa) and 6xHis-Dnd protein (42 kDa) (Figure 
3.22B). To further obtain high-concentrated protein, enlarged amount of 
recombinant protein was initiated for thrombin cleavage, yet only partially 
successful as protein precipitation occurred when above a threshold concentration 
(Figure 3.22C). Hence it was difficult to run a biophysical experiment to obtain 
information on the Dnd protein structure. The Trx-Dnd fusion protein was loaded 
to SDS-PAGE, gel-cut and resolved in PBS buffer for injection into rat as antigen 
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for antibody production. After harvest of the antiserum, western blotting and 
immunostaining were carried out for validation. Due to insufficiency of protein 
used for immunization of rats, no specificity could be detected (data not shown).   
 In a third attempt, conserved regions of dndAB sequence (red boxed region 
in Figure 3.23) were cloned into the pET32-derived expression vector (Figure 
3.24A). The conserved 147-aa N-terminus (contains NR, RRM and CD1) of the 
medaka Dnd protein (DndAB) was solely aggregated in the IB, gel-cut and 




Fig. 3.21 Predicted secondary structure of Dnd protein. The predicted  
secondary structure type  (%) composition in the Dnd protein: helix (H; 37.37), 
sheet (E; 13.44), loop (L, neither helix nor strand; 49.19). Arrows depict the 
region dndAB (brown boxed) used for protein expression for antibody production. 
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Table 3.7 Abbreviations used in Figure 3.21 
AA amino acid sequence 
OBS_sec observed secary structure: H=helix, E=extended (sheet), 
blank=other (loop) 
PROF_sec PROF predicted secary structure: H=helix, E=extended (sheet), 
blank=other (loop) 
PROF = PROF: Profile network prediction HeiDelberg 
Rel_sec reliability index for PROFsec prediction (0=low to 9=high) 
Note: for the brief presentation strong predictions marked by '*' 
SUB_sec subset of the PROFsec prediction, for all residues with an expected 
average accuracy > 82%  
(tables in header) 
NOTE: for this subset the following symbols are used: 
L: is loop (for which above ' ' is used) 
.: means that no prediction is made for this residue, as the reliability 
is: Rel < 5 
pH_sec 'probability' for assigning helix (1=high, 0=low) 
pE_sec 'probability' for assigning strand (1=high, 0=low) 
pL_sec 'probability' for assigning neither helix, nor strand (1=high, 0=low) 
O_2_acc observerd relative solvent accessibility (acc) in 2 states: b = 0-16%, 
e = 16-100%. 
P_2_acc PROF predicted relative solvent accessibility (acc) in 2 states: b = 
0-16%, e = 16-100%. 
O_3_acc observerd relative solvent accessibility (acc) in 3 states: b = 0-9%, i 
= 9-36%, e = 36-100%. 
P_3_acc PROF predicted relative solvent accessibility (acc) in 3 states: b = 
0-9%, i = 9-36%, e = 36-100%. 
OBS_acc observed relative solvent accessibility (acc) in 10 states: a value of 
n (=0-9) corresponds to a  
relative acc. of between n*n % and (n+1)*(n+1) % (e.g. for n=4: 
16-25%). 
PROF_acc PROF predicted relative solvent accessibility (acc) in 10 states: a 
value of n (=0-9) corresponds  
to a relative acc. of between n*n % and (n+1)*(n+1) % (e.g. for 
n=4: 16-25%). 
Rel_acc reliability index for PROFacc prediction (0=low to 9=high) 
Note: for the brief presentation strong predictions marked by '*' 
SUB_acc subset of the PROFacc prediction, for all residues with an expected 
average correlation 
> 0.69 (tables in header) 
NOTE: for this subset the following symbols are used: 
I: is intermediate (for which above ' ' is used) 
.: means that no prediction is made for this residue, as the reliability 
is: Rel < 4 
ali_orig input file 
prof_fpar name of parameter file, used [w] 
prof_nnet number of networks used for prediction [d] 
prof_skip 
note: sequence stretches with less than 9 are not predicted, the 




Figure 3.22 A pET-32a-derived expression vector. (A) Plasmid map of pET-
32a(+). (B) The cloning region for expression. Red boxed sequences are removed 




Figure 3.23 Expression and purification of Trx-6xHis-Dnd protein. (A) SDS-
PAGE of the protein sapmles. PM, protein marker; BI, before induction; AI, after 
induction; So, sonicate sample; SU, supernatant; FT, flow-through; W, wash; 
EL1-3, elution 1-3. (B) Purified protein after subsequent thrombin cleavage with 
different cleavage time. (C) Thrombin cleavage of high amount protein leads to 




Figure 3.24 Conservation of Dnd proteins. (A) Protein sequence alignment. At 
the end of the alignment are species and overall sequence identity values 
compared to the medaka Dnd protein. The RNA recognition motif (RRM) and five 
conserved regions are indicated in frame. Arrows depict conserved region used for 
protein expression aiming at antibody production (dndAB). (B) Schematic Dnd 
structure highlighting conserved RRM, N-terminal region (NR) and C-terminal 
regions (CR1-4).  
Results 
 125 
3.11.2 Antibody Production and Specificity 
The recombinant Dnd protein was used as antigen to immune rat, leading to the 
production of !Dnd, anti-Dnd antisera. Western blotting and immunostaining 
were performed to test the specificity of !Dnd antisera. Western blot was run with 
protein samples prepared from fresh tissues such as testes, ovary and liver 
obtained from young medaka fish (about two months old). The testis sample 
produced a distinct band at ~45 kDa in size, (red arrowed in Figure 3.24C), 
similar to ~42 kDa predicted for endogenous Dnd protein ~42 kDa. Upon 
immunostaining on testicular cryosections, !Dnd produced a signals exclusively 
in germ cells (Figure 3.24D-F). The signal was strong at the periphery rich in 
spermatogonia (sg) and primary (sc1) and secondary spermatocytes (sc2) (Figure 
3.24F). This pattern is similar to that reported for that of the dnd RNA (Liu et al., 




Figure 3.25 Production and specificity of the polyclonal !Dnd antibody. (A) 
Vector pET-dndAB for bacterial expression of the 147-aa N-terminus of the 
medaka Dnd protein. (B) SDS-PAGE showing protein expression and purification. 
(C) Detection of Dnd protein by Western blotting. T, testes; O, ovary; L, liver; 
PM, protein marker. (D) Immunostaining of testicular section with !Dnd antibody 
(green). Nuclei were stained red with propidium iodide (PI). (E) Large 
magnification of the area framed in (D), highlighting the signal in the testicular 
periphery and sub-marginal region rich in spermatogonia (sg) and primary (sc1) 






CHAPTER 4: DISCUSSION 
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4.1 Dnd is a Limiting Factor for PGC Formation 
Dnd is a highly conserved gene in vertebrate organisms. In diverse species 
examined so far, dnd is involved in migration and survival of PGCs after their 
specification in zebrafish (Weidinger et al., 2003). The mouse dnd is involved in 
survival and transformation of adult germ cells (Youngren et al., 2005). Here my 
thesis work provides several lines of evidence that dnd functions as a limiting 
factor to determine the germ cell fate, the first event of germ line development. 
Therefore, the medaka dnd represents the first limiting factor for germ cell 
formation in vertebrates, just as the limiting factor Oskar in Drosophila (Ephrussi 
and Lehmann, 1992).  
4.1.1 Dnd in Germ Cell Development 
dnd is a vertebrate-specific gene that is conserved from fish to mammals in germ 
cell-specific expression and requirement. The zebrafish dnd is crucial for PGC 
migration and survival (Weidinger et al., 2003). The mouse Ter mutation in dnd 
causes germ cell loss and testicular germ cell tumors in some genetic background 
(Youngren et al., 2005). However, in both zebrafish and mouse, dnd knockdown 
or mutation does not prevent PGC formation. In zebrafish, besides dnd, several 
other germ genes have been analyzed by morpholino antisense knockdown to be 
essential for PGC migration and/or survival.  Although able to reduce to varying 
extents the PGC number, knockdown of these genes each is unable to entirely 
prevent PGC formation. Their overexpression by embryonic RNA injection is 
unable to markedly induce additional PGCs. These genes include nanos 
(Koprunner et al., 2001) and vasa (Knaut et al., 2000). In medaka, vasa 
knockdown severely affects PGC migration but minimally PGC survival, with 
vasa overexpression being unable to increase the PGC number (Li et al., 2009). 
Discussion 
 129 
Together with the fact that zebrafish null mutant for nanos normally specifies 
PGCs and is defective in maintaining oocyte production (Draper et al., 2007), all 
the germ genes functionally analyzed so far in fish embryos act primarily on 
subsequent PGC development. One exception is the zebrafish buc (Bontems et al., 
2009). Although able to markedly increase the PGC number by up to ~50% upon 
overexpression, buc cannot be a limiting factor for PGC formation, as buc is 
highly expressed in early embryos and its RNA distributes widely in all 
blastomeres rather than co-segregation with other germ plasm components 
predominantly in pPGCs. Our finding that dnd specifically restricts the PGC 
number and can induce ectopic PGCs reveal a new role for dnd in germ cell 
development. 
4.1.2 Mode of PGC Formation 
Zebrafish makes use of the preformation mode for PGC specification (Raz, 2003). 
A previous study in medaka has reported the absence of PGC increase upon axis 
duplication by manipulation of the Wnt signal, leading to a notion that PGC 
formation occurs cell-autonomously in this organism (Herpin et al., 2007). We 
have recently demonstrated medaka PGC preformation (Li et al., 2012). Our work 
here corroborates and extends these studies by providing two independent lines of 
convincing evidence: dnd overexpression cell-autonomously inducing more PGCs 
capable of proper migration into the gonad in developing embryos, and individual 
blastomeres in culture are able to form PGCs in the absence of any known 
inducing factor. Therefore, PGC preformation operates in medaka as in zebrafish 
and Drosophila.  
4.1.3 Particle Formation as a Novel Segregation Mechanism 
In all organisms with PGC preformation, germ plasm components are either 
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prelocalized to the posterior pole as in Drosophila, or asymmetrically segregated 
as localized material as in C. elegans, Xenopus and zebrafish. Specifically, RNAs 
of zebrafish dnd, nanos and vasa are localized in four cells that are regularly 
positioned and committed to the PGC fate (Weidinger et al., 2003).  This cellular 
mechanism for prelocation or localized segregation does not exist in medaka, as 
RNAs of all germ genes studied so far, including boule, dazl and vasa, lack 
localization but exhibit wide distribution (Shinomiya et al., 2000; Xu et al., 2009). 
In the absence of such a cellular mechanism, the dnd RNA forms prominent 
particles for segregation into a few randomly positioned cells for intrinsic fate 
decision. Particle formation represents a novel mechanism by which a limiting 
factor such as dnd is segregated.  
 Interestingly, we reveal that medaka Dnd protein is also capable of 
asymmetric assortment and particle formation, similar to the dnd RNA. The Dnd 
protein is able to form perinuclear particles in PGCs of both zebrafish (Slanchev 
et al., 2009) and medaka (Liu et al., 2009). In this study, we show that the medaka 
Dnd protein forms particles in numerous cells from the 350-cell stage onwards, 
and that these particles distribute randomly in the cytoplasm rather than 
perinuclear localization in PGCs at later stages. In contrast, the zebrafish Dnd 
protein is diffused in somatic cells (Slanchev et al., 2009). These results indicate 
that medaka blastomeres capable of forming Dnd protein particles are PGC-
competent cells. 
 Particle formation is a unique feature of dnd RNA and Dnd protein. How 
far the particle formation is related to Dnd’s function in PGC formation may 




4.1.4 Lineage Tracing in Single Cell Culture and the PGC Number 
Although pivotal for reproduction, the germline is often dispensable for individual 
life in many animal species such as Drosophila, fish and human. The number of 
PGCs at specification is an organism-specific parameter, which represents an 
important balance between somatic lineage and germline, or between individual 
life and species life. This number is 1 in C. elegans, 10~15 in Drosophila 
(Ephrussi and Lehmann, 1992), 8 in mouse (Ginsburg et al., 1990) and 4 in 
zebrafish (Weidinger et al., 2003; Yoon et al., 1997). By lineage tracing in single 
cell culture, we determine that the number of pPGCs, thus the initial number of 
PGCs, is ~8 per embryo until the 64-cell stage. These results also demonstrate that 
pPGC competence has already been established to some extent far before the 
stage when PGCs become visible. 
 By lineage tracing we reveal that a pPGC blastomere at the 64-cell stage is 
able to produce 4.2~4.4 PGCs and a vastly varying number of somatic cells, with 
the germ cell index, the relative ability to produce PGC versus somatic cells, 
ranging from 1.9 to 18.2. This result demonstrates for the first time that cleavage 
blastomeres and pPGCs possess high heterogeneity in cell division and germ cell 
index. 
4.1.5 Mechanisms that Control the Number of Medaka PGCs  
Our observation on the PGC number in developing embryos and cell culture relies 
on the expression and accumulation of GFP under the control of a PGC-specific 
promoter. Consequently, there is a lag between true PGC formation and PGC 
detection. An increase in the number of visible PGCs by dnd overexpression may 
be the consequence of PGC formation, proliferation and/or survival. Our lineage 
tracing in single cell culture clearly demonstrates that dnd overexpression 
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increases the pPGC number but not PGC proliferation and/or survival, at least 
during the period of observation, because one pPGC produces one and the same 
number of PGCs in culture, regardless of whether blastomeres are from normal or 
dnd RNA-injected embryos. Therefore, dnd acts primarily as a limiting factor for 
PGC formation. 
 The increase in the PGC number caused by dnd RNA injection does not 
exceed 3 fold, even if a high level of Dnd expression occurs in many cells. This 
suggests the presence of additional mechanisms or factors that determine the PGC 
number in a developing embryo. Unlike the microphthalmia-associated 
transcription factor which acts as the master regulator of melanocyte development 
in vivo and is capable of inducing melanocytes in many cell lines including 
medaka ES cells (Bejar et al., 2003), the medaka dnd acts as a limiting factor but 
not a master regulator, because its ability to induce the PGC cell fate appears to be 
restricted to certain cells. 
4.1.6 Dnd is Not a Functional Homolog of the Drosophila Osk 
The Drosophila oskar represents the only limiting factor necessary for PGC 
formation and capable inducing additional PGCs (Ephrussi and Lehmann, 1992). 
This gene is limited to certain invertebrates and thus represents an invertebrate-
specific limiting factor of PGC formation.  dnd and osk share several features in 
common. These include absolute necessity for PGC formation, sufficiency for 
PGC induction even at ectopic sites and adverse effect at high dosage on somatic 
development. However, we show that oskar is unable to rescue PGC formation in 
dnd-depleted medaka embryos, indicating that dnd and oskar are not be functional 
homologs. It is unknown at present whether the limiting factor has independently 
been evolved in diverse animal species. 
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4.1.7 Mechanisms by Which dnd Works 
Several scenarios can account for the mechanism by which dnd act as a limiting 
factor for germ cell formation. On one hand, de novo production of germ plasm 
components by Dnd seems unlikely, because the expression of germ plasm 
components is not induced in the early embryo, and the 1-cell injection is unable 
to transform the whole embryo into PGCs. On the other hand, the presence and 
wide distribution of numerous dnd particles of varying sizes in cleavage embryos 
most likely excludes a mechanism whereby dnd induces additional PGCs via 
splitting germ plasm aggregates. Our data are more consistent with a mechanism 
whereby Dnd could assemble germ plasm components already present in the early 
embryo into particles for protection from degradation before PGC formation or 
into a functional germ plasm. In support for this assembly model is the presence 
of excessive amounts of germ plasm components in early developing medaka 
embryos, such as the transcripts of boule and dazl (Shinomiya et al., 2000; Xu et 
al., 2009) and vasa (Shinomiya et al., 2000; Xu et al., 2009); and this study). This 
assembly mechanism appears to be conserved during evolution. For example, the 
C. elegans germ cell determinant PIE-1 protein is also degraded unless it is 
present in PGCs; the Drosophila osk controls the PGC number via directing germ 
plasm assembly (Ephrussi and Lehmann, 1992), and zebrafish nanos, vasa and 
dnd RNAs show abundant cytoplasmic signal in addition to the cleavage furrow 
localization (Knaut et al., 2000; Koprunner et al., 2001; Weidinger et al., 2003; 
Yoon et al., 1997). In fact, a recruitment model, which is very similar to our 
assembly model, has proposed for the zebrafish buc (Bontems et al., 2009). 
Understanding of the precise mechanisms by which dnd acts a limiting factor to 
determine the PGC number could provide important insights into studies and 
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manipulations of PGC formation in vertebrates. 
4.1.8 Dnd and miRNAs in PGC Formation 
During early development of diverse animals, miRNAs play an essential role in 
the maternal-zygotic transcription and PGC development (Giraldez et al., 2006; 
Schier, 2007). Through inhibiting the accessibility of miRNAs including MiR-430 
to target mRNAs, Dnd protects maternal RNAs from clearance in cultured human 
PGC and zebrafish PGCs (Kedde et al., 2007) and medaka PGCs (Tani et al., 
2009). In this study, by reporter assays we reveal that Dnd counteracts with 
miRNA-430 to regulate maternal RNA turnover and translation for medaka PGC 
formation. This suggests the possibility that Dnd protects certain germ plasm 
RNA components from miRNA-mediated degradation and ensures PGC 
formation.  
4.1.9 Germline Replacement 
By altering dnd expression levels, we demonstrate the easy manipulation of PGC 
formation in medaka as a vertebrate model. A combination of increasing PGCs via 
dnd overexpression in the donor and ablating PGCs via dnd knockdown in the 
host leads to 100% germline chimera production and 100% germline replacement. 
This full germline replacement demonstrates 100% germ cell loss in the host. 
Intriguingly, fertile class-III chimeras are fully comparable to normal animals in 
fecundity, suggesting the ability of one or few donor-derived PGCs to restore full 
fertility. 
 The ability to achieve 100% germ cell loss and 100% germline 
replacement provides a unique opportunity to manipulate the germline in a 
vertebrate. This ability has enormous potential in conservation biology by 
surrogate reproduction of endangered animal species, as has been shown by the 
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production of rainbow trout in the salmonid host (Takeuchi et al., 2004). 
Furthermore, the identification of dnd as a vertebrate-specific limiting factor will 
shed new lights on mechanisms underlying PGC fate decision in early embryos 
and stem cell culture. 
4.2 Structure-Function Relationship of the Dnd Protein 
In order to study the structure-function relationship in vivo, an easily accessible 
system is required. Here, two striking findings made in this study establish the 
first of such a system.  These are the identification of Dnd as a limiting factor and 
the ability to visualize and manipulate PGC formation as one of the earliest event 
of vertebrate development. As an illustration of the usefulness of this system for 
the experimental analyses of how the structure can infer its function, the second 
part of the work demonstrates a clear relationship between the intact Dnd structure 
and its function. For example, two point mutations lead to the partial or even 
complete loss of Dnd function as a limiting factor in PGC formation.  
4.2.1 Protein Solubility and Function 
A unique feature of the dnd products is the ability to form cytoplasmic particles. 
The amino acid sequence leads to the prediction that the Dnd protein is highly 
insoluble. In consistence with this prediction, it is difficult to obtain the full length 
recombinant Dnd protein at a reasonable yield. Residues contributing to the 
predicted insolubility are mostly predicted in the C-terminus. Interestingly, 
deletion of the C-terminus increases the solubility of Dndab (which contains C-
terminal domains, Dnd&1 and CR1 sequences) protein that was successfully used 
for the antibody production. Deletion of the C-terminus also confers the loss of 
the ability to form cytoplasmic particles, the solubility on Dnd!1 protein in 
developing embryos and thus the ability to rescue PGC formation in dnd-depleted 
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embryos. Although future work is needed to elucidate whether there is a 
correlation between protein insolubility and behavior or even function in vivo, the 
results obtained in this study is stimulatory towards this new direction. 
 The solubililty of the recombinant protein increases with further C-
terminal deletions. This is in accordance with the prediction that the insolubility of 
Dnd protein is mainly ascribed to the C-terminus rich in loop regions. These 
results point to a future direction to explore the Dnd protein as an ideal system for 
analyzing the insolubililty-function relationship.  
4.2.2 The C-terminus and Dnd Function 
The Dnd protein has several conserved domains including the C- and N-termini. 
In this study, two mutants with C-terminal deletions have been found of losing the 
ability to rescue PGC formation in dnd-depleted embryos. Different from the role 
of N-terminus of the Dnd protein, extensive C-terminal deletion aborogates its 
protein function in regard to subcellular localization and activity. Thus, protein 
sequences within the C-terminus of Dnd play an important role for protein 
function as well, for example by interacting with other molecules to facilitate Dnd 
task. It has been reported that the zebrafish Dnd contains ATPase activity in the 
C-terminus, which might apply to the medaka Dnd, which is removed in the 
deletions (Liu and Collodi, 2010). This points to the possibility of a potential 
ATPase activity that may be required for its proper protein function in medaka as 
well.  It is equally possible that the C-terminal deletions might abolish a threshold 
insolubility of the Dnd protein for particle formation - as mentioned above - 
necessary for functioning in PGC formation. 
4.2.3 The N-terminus and Dnd Function 
In zebrafish, loss-of-function mutations were identified within the RRM. It is the 
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only of the several domains of the Dnd protein, being well characterized as an 
RNA binding domain (Slanchev et al., 2009). RRM is essential for recognizing 
and binding to mRNAs, one of which is the zebrafish nanos1 mRNA (Kedde et al., 
2007). Although investigations were attempted to study function on the structure 
of  the RRM domain, it remained impossible to due protein insolubility. In order 
to gain insight into the structural property, a model has been built for the zebrafish 
Dnd based on available structures of highly homologous RRMs. Point mutations 
which lead to functional loss in zebrafish, were mostly identified located closely 
to or on a " sheet of the RRM - a region that was shown to be the RNA-binding 
interface of homologous RRMs (Slanchev et al., 2009). Based on modeling and 
calculation, one of the mutants shows prominent stacking ability with the RNA 
bases. In two of the mutants, the RRM-RNA interactions involved aromatic 
residues within the RRM. In the other three mutants, only a small change in the 
side-chain orientation is required for a direct contact between these amino acids 
and the RNA backbone (Slanchev et al., 2009). 
 Two point mutations analysed in this study are within the RRM and show 
considerable difference in subcellular lozalization and function. F81L possesses a 
lower level of particle formation and a reduced rescuing activity, while N86K has 
normal particle formation but no activity for rescuing formation. Therefore, amino 
acid residues at position 81 and 86 within RRM at the N-terminus are crucial for 
the Dnd activity. 
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4.3 Summary and Conclusions  
In this study, I provide evidence that the early developing medaka embryo 
possesses factors such as dnd that determines the PGC number, as dnd knockdown 
is capable of specifically and completely abolishing PGC formation and its 
overexpression is capable of inducing ectopic PGCs in embryos and significantly 
increasing the PGC number via inducing additional PGC precursors in culture. I 
reveal that cleavage blastomeres have the ability to form PGCs in single cell 
culture, demonstrating the PGC commitment already at cleavage stages. dnd acts 
cell-autonomously and protects miRNA-mediated degradation of maternal RNAs 
essential for PGC development. Notably, dnd products form particles and 
segregates randomly, which reveal a new molecular mechanism by which a key 
factor is segregated to determine the number of PGCs in the absence of cellular 
mechanism of either prelocation (as in Drosophila) or localized segregation (as in 
C. elegans & zebrafish). Most importantly, altering dnd expression enables 100% 
germline replacement. My findings pinpoint the mechanism by which Dnd exerts 
its functions: Threshold activity of Dnd determines the number of PGC precursors. 
In summary, this thesis work has established two systems for the 
experimental analysis of protein function in respect to its function. The first 
system is the generation of haploid ES cells for analysis in vitro, as has been 
detailed in the appended paper. The second system is PGC formation, where dnd 
acts as a limiting factor to determine and robustly manipulate the number of PGCs. 
Data in this work also provide evidences that Dnd serves as an excellent protein 
model for elucidating the function - by incorporating its structural properties - in 
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Generation of Medaka Fish Haploid
Embryonic Stem Cells
Meisheng Yi, Ni Hong, Yunhan Hong*
Haploid embryonic stem (ES) cells combine haploidy and pluripotency, enabling direct genetic
analyses of recessive phenotypes in vertebrate cells. Haploid cells have been elusive for culture,
due to their inferior growth and genomic instability. Here, we generated gynogenetic medaka
embryos and obtained three haploid ES cell lines that retained pluripotency and competitive
growth. Upon nuclear transfer into unfertilized oocytes, the haploid ES cells, even after genetic
engineering, generated viable offspring capable of germline transmission. Hence, haploid medaka
ES cells stably maintain normal growth, pluripotency, and genomic integrity. Mosaic oocytes
created by combining a mitotic nucleus and a meiotic nucleus can generate fertile fish offspring.
Haploid ES cells may offer a yeast-like system for analyzing recessive phenotypes in numerous
cell lineages of vertebrates in vitro.
Haploidy, the presence of a single genomeor chromosome set per cell, as in yeast(1), is a powerful system for genetic analy-
ses of molecular events because any recessive
mutations of essential genes will show a clear
phenotype due to the absence of a second gene
copy. Embryonic stem (ES) cells are pluripotent
and thus able to differentiate into almost all cell
types, providing an excellent system for experi-
mental analyses of cellular and developmental
events in vitro (2). To date, diploid ES cells con-
taining two chromosome sets have been derived
from early fertilization embryos (3–5). Induced
pluripotent stem cells can also be obtained from
differentiated cells by forced expression of pluri-
potency transcription factors (6). Haploid ES cells
combining both haploidy and pluripotency would
hold enormous potential in biomedicine for ana-
lyzing recessive and disease phenotypes in var-
ious cell lineages in vitro. However, haploidy in
vertebrates exists only in the postmeiotic germ-
line (7), and it is unknown whether haploidy can
support stable growth (constant proliferation with-
out crisis) and pluripotency in culture. Haploid
cells in frog (8), Drosophila (9, 10), and human
(11) were unstable and quickly overgrown by dip-
loid and aneuploid cells in serial culture. Attempts
in mice failed to detect any haploid mitoses in
cultures from parthenogenetic haploid embryos
(12). These data have led to a hypothesis that hap-
loidy has inferior growth and genetic instability.
We envisioned that the generation of haploid
ES cells might depend on three critical factors: (i)
inbred strains free of deleterious alleles, (ii) con-
ditions conducive to stem cell proliferation rather
than differentiation, and (iii) the ability to retain
genetic stability. These considerations led us to
choose the fish medaka (Oryzias latipes) as a test
organism. This fish is a useful model for verte-
brate development (13). Previous work has gen-
erated diploid ES cells (4, 14), male germ stem
cells (15), and many inbred strains permissive to
ES cell derivation (16).
Medaka i1 and i3 are inbred albino strains
containing mutations in two different loci affect-
ing pigmentation. Their F1 hybrid shows wild-
type (black) pigmentation (fig. S1A). Eggs of i1
were inseminated with ultraviolet-irradiated i3
sperm, leading to haploid gynogenesis, develop-
ment of embryos containing only a female ge-
nome without a sperm-supplied male genome
(fig. S1, B and C). Stage-10 gynogenetic blastula
embryos were dissociated into single blastomeres
for feeder-free culture (17). Serial passages led to
stably growing cultures (Fig. 1A). We initiated
five primary cultures and obtained three haploid
ES cell lines designated as HX1, HX2, and HX3,
because they had stable growth and ES cell phe-
notype after more than 140 passages during more
than 500 days of culture. Chromosome exami-
nation revealed that the three cell lines showed an
average of 77% haploid cells, 18% diploid cells,
and 5% polyploidy cells (table S1). Genotyping
did not detect the sperm-derived autosomal tyro-
sinase allele (14) or Y-chromosomal dmrt1y in all
the three cell lines (fig. S2). We conclude that the
three cell lines predominantly comprise Haploid
X-chromosome–carrying (hence the HX desig-
nation) cells of gynogenetic origin.
HX1, HX2, and HX3 exhibited similar growth
and phenotype. They have an ES cell phenotype
such as round or polygonal shape, little cytoplasm,
and large nuclei with prominent nucleoli (Fig. 1,
C to F), characteristics of diploid ES cells from
fertilization-derived embryos of mouse (5), hu-
man (3) and medaka (4). When seeded at a low
cell density, HX1 at 40 to 108 passages after 100
to 300 days of culture was able to form colonies
(Fig. 1B). Colonies of undifferentiated cells steadily
grew (Fig. 1, C to G) and produced pure clones
(Fig. 1H) exhibiting high alkaline phosphatase
activity (Fig. 1I), a general ES cell marker (4).
Thus, these cell lines possess the characteristics
of ES cells in continuous proliferation, colony
formation, and phenotype.
To determine whether these haploid ES cells
had the intrinsic ability for stable growth, we es-
tablished individual cell clones again by clonal
growth. Out of 100 random HX1 colonies, we
Department of Biological Sciences, National University of
Singapore, 10 Kent Ridge Crescent, Singapore 119260.
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Fig. 1. ES cell derivation. (A) Phenotype of haploid ES line HX1 at
passage 61 and day 173. (B to G) Formation of haploid cell colonies.
Interphase cells have one nucleus (nu) and one nucleolus (ni, dark dot)
[(C), (D), and (F)], and telophase cells have two nuclei and one or two
nucleoli (E). (H) Haploid cell clone HX1a. (I) Alkaline phosphatase
staining of HX1a at day 248 of culture. (J and K) Haploid (J) and
diploid metaphase (K) of HX1. Scale bars, 20 mm unless otherwise
indicated.

































obtained 60 clones. Chromosome examination
(table S2) revealed that 45 clones (75%) were
haploid (Fig. 1J), with 15 (25%) being diploid
(Fig. 1K), similar to the haploid-diploid ratio in
parental cell cultures (table S1). Notably, hap-
loid clones produced more haploid metaphases
(84.6%) (tables S1 and S2). Flow cytometry
analyses revealed a major haploid peak and a
minor diploid peak in the parental cell lines, but
only a haploid peak in haploid clones (fig. S3).
Collectively, HX1 clones comprise essentially pure
haploid or diploid cells capable of stable growth.
Mouse and human ES cells specifically ex-
press pluripotency genes such as oct4 and nanog
(6). We identified nine medaka homologs/paralogs
of mammalian pluripotency genes by phylogenetic
sequence analyses (fig. S4). We observed their ex-
pression in all three haploid cell lines, as in blastula
embryos and diploid MES1 cells (Fig. 2A). There-
fore, haploid cells retain pluripotency gene expres-
sion in culture.
Fig. 2. Pluripotency.
(A) Expression of pluri-
potency genes by reverse
transcription polymerase
chain reaction. Blastula,
stage-10 embryos as posi-
tive control;MES1, diploid
medaka ES line 1; neg,
negative control without
cDNA template. actin was
used as loading control.
(B) Expression of pluri-
potency genes (oct4 and
nanog) and differentia-
tion genes in haploid ES





crest; HX1, parental HX1
line; HX1a and HX2a,
haploid clones from HX1
and HX2, respectively.
nf200, neurofilament
200; ntl, no tail; actn2,
actinin 2; hnf3b, hepa-
tocyte nuclear factor 3b;mitf,microphthalmia-associated transcription factor.
(C to G) Immunostaining (green) and propidium iodide (red) nuclear staining
of replated cells from 10-day-old EBs. (C) NF200-positive neurons. (D) Map2-
positive neuron. (E) Glial fibrillary acidic protein –positive astrocyte. (F) PanCK-
positive squamous epithelium. (G) Actinin2-positive matured muscle with
striations (arrows). (H) Nuclear GFP–HX1a cells. (I to M) Five-day-old chimera-
derived HX1a derivatives in culture. (I) Neural cells with long cytoplasmic
processes. (J) Fin epithelia. (K) Skeletal muscle with multiple nuclei. (L)
Cardiomyocytes (also see movies S5 and S6). (M) Endodermal cells. Scale
bars, 20 mm unless indicated.
Fig. 3. Stable growth and ploidy. (A and B) Growth curves. Similar
doubling time (Td) is seen between haploid clone HX1a (A) and diploid
MES1 (B). Triplicate counting was done for each time point. (C to E)
Competitive clonal coculture. Haploid clones HX1a (green), HX2a [un-
labeled; outlined in (E)] and diploid MES1 (red) formed distinct colonies.
Scale bar, 20 mm.

































Diploid ES cells can form three-dimensional
embryoid bodies (EBs) in suspension culture
andmanifest induced differentiation (3, 4). Under
the culture condition for undifferentiated growth,
MES1 and HX1a (a haploid clone of HX1) (table
S2) underwent self-renewal (fig. S5, A and B).
HX1a in suspension culture formed EBs (fig. S5C).
In suspension coculture, HX1a and MES1 formed
chimeric EBs (fig. S5D). In HX1a-derived EBs,
decreased oct4 and nanog expression accompa-
nied activation and up-regulation of differentia-
tion genes (Fig. 2B and fig. S5, E and F). These
included genes specific to the ectoderm (nf200),
the mesoderm [actinin2 and brachyury or ntl (18)],
the endoderm (sox17 and hnf3b) (19), and the
neural crest (sox10 and mitf) (20). Immunostain-
ing of replated cell cultures from these EBs iden-
tified terminally differentiated cell types including
neurons (Fig. 2, C and D), astrocytes (Fig. 2E),
squamous epithelia (Fig. 2F), and striated muscle
(Fig. 2G). Taken together, haploid ES cells are
capable of lineage restriction and differentiation
into derivatives of all the three germ layers in vitro.
We then tested pluripotency in vivo by chime-
ra formation (14, 16). Transplantation of HX1a
cells at day 255 of culture into fertilization blastula
hosts (fig. S6A) led to normal embryogenesis and
100% chimera formation (n = 159). HX1a cells
distributed to all major compartments of early
chimeric embryos at high efficiencies (60 to 90%)
and many organs of the three germ layers (fig. S6,
B to F). HX1a cells generated terminally differ-
entiated derivatives such as blood cells (fig. S6C
and Movies S1 and S2) and contracting cardio-
myocytes in the beating heart (fig. S6D and
Movies S3 and S4). Cotransplanted HX1a and
MES1 exhibited overlapping distribution in chi-
meric embryos (fig. S6, E and F) without cell
fusion (fig. S6, G and H). HX1a was virtually
indistinguishable from MES1 in distribution (fig.
S6I). Evidence for terminal differentiation came
from observations in cell cultures isolated from
chimeric embryos. We found that nuclear green
fluorescent protein (GFP)–labeled HX1a donor
cells (Fig. 2H) were able to produce various cell
types, including ectodermal neural cells (Fig. 2I)
and fin epithelia (Fig. 2J), mesodermal skeletal
muscles (Fig. 2K), and cardiomyocytes (Fig. 2L
andMovies S5 and S6), aswell as endodermal cells
(Fig. 2M). Hence, HX1a is pluripotent in vivo.
The difficulty of generating haploid cell cul-
tures has been attributed to inferior growth and
chromosomal instability (8–10). During serial pas-
sages under culture conditions for undifferentiated
growth, the three cell lines maintained a constant
haploid-diploid ratio (table S1), which suggests a
comparable capability in cell division between
haploidy and diploidy. We addressed this issue
by three experiments. First, we used the nucleolar
number as a marker to observe ploidy levels in
living cells. Medaka cells have only one nucleolus
per haploid genome (21). During the nucleolar
cycle (fig. S7A), a haploid medaka cell may have
one (interphase), no (metaphase and anaphase),
or two nucleoli (telophase with two daughter
nuclei). The nucleolus is easily visible in living
cells (Fig. 1, C to F), and its number delineates
ploidy levels in culture. Nucleolar silver staining
of fixed cells confirmed these observations (fig.
S7B). Three percent of HX1 and MES1 cells
lacked any visible nucleolus (fig. S7D), a char-
acteristic of metaphase and anaphase cells, indi-
cating a similarly high mitotic index. Cells with
one nucleolus or two nucleoli increased from 50%
in parental cell lines to 80% in haploid clone HX1a
or diploid clone HX1b (fig. S7D), coinciding with
essentially pure haploid or diploid ES cells by
chromosome analysis (tables S1 and S2) and flow
cytometry (fig. S3). Second, growth curves re-
vealed a doubling time of 42.6 hours for haploid
HX1a (Fig. 3A), comparable to 43.6 hours for
diploid MES1 (Fig. 3B). Third, we analyzed two
series of competitive growth assays. In the first
series, we differentially labeled haploid cloneHX1a
and diploid MES1 and compared their growth in
coculture and subculture. Mixed cells grew equally
well into a monolayer, in which haploid and dip-
loid cells formed distinct areas without detectable
fusions (fig. S8A). Cell quantification revealed
the retention of the initial haploid-diploid ratio
during the entire coculture period of 30 days, up
to 10 passages (fig. S8B). In the second series,
GFP-labeled haploid ES clone HX1a, unlabeled
haploid ES cloneHX2a, and red fluorescent protein
(RFP)–labeled diploidMES1 cells were seeded at a
low density. They formed distinct colonies at a fre-
quency relative to the initial ratio at seeding (Fig. 3,
C to E). HX1 and its haploid clone HX1a generated
three colony types at similar frequencies to those of
MES1 (fig. S8C). Thus, haploid ES cells are not
different from diploid ES cells in proliferation.
We analyzed the chromosomal stability in
more detail. At a low density, steadily dividing,
colony-forming cells were essentially haploid (fig.
S9, A to C). We also observed bi- (fig. S9D) and
multinucleated cells (fig. S9, E and F) apparently
resulting from endomitosis by haploid cells. These
bi- and multinucleated cells exhibited differentiated
phenotypes and ceased proliferation (fig. S9, D
to F). At a high density without subculture for
35 days, many cells fused into multinucleated skel-
etal muscles (fig. S9G). Thus, di- and polyploid-
ization occurred in haploid ES cultures but did
not increase during subsequent subcultures with-
out overgrowing haploid ES cells. Consequently,
the three parental cell lines maintained a minor
proportion of polyploid metaphases (tables S1
and S2). Flow cytometry analyses revealed the
absence of increased di- and polyploidized cells
(fig. S3, C to H). Furthermore, both haploid and
diploid clones exhibited stable growth and karyo-
type during subsequent clonal and massive cul-
ture (tables S1 and S2). Thus, the haploid cells
retain chromosomal stability in vitro.
An assisted reproductive technology called
semicloning (SC) has been proposed for treating
infertile patients who lack germ cells (22). SC
Fig. 4. Generation of fertile nuclear
transplant and germline transmission.
(A and B) Nuclear transplant founder
NT1 embryo at day 7. The i1-derived
HX1a was stably labeled with nuclear
GFP (Fig. 2H), and its nuclei were
transplanted into nonenucleated oo-
cytes of strain i3. Wild-type pigmen-
tation is seen in the eye and body
surface [arrows in (A)], and nuclear
GFP is throughout the embryo (B).
(C) Fry NT1 showing GFP expression
and eye pigmentation. (D) Holly,
NT1 fertile female laying eggs. (E)
Crossing between albino strains i1
and i3. F1 hybrids have wild-type
black pigmentation in the eye. (F to
I) Germline transmission. (F) and (G)
Cluster of embryos between NT1
and i1male, showing germline trans-
mission into four classes of progeny:
GFP-positive albino or pigmented and
GFP-negative albino or pigmented.
(H) and (I) Large magnification of
GFP-positive albino or pigmented
progeny as circled in (F) and (G).
Embryos are 1mm in diameter. Scale
bars, 0.2 mm (C) and 0.5 mm (D).

































would use nuclear transfer to combine a haploid
somatic nucleus (e.g., by somatic cell haploidiza-
tion) from one parent and a haploid female or
male gamete nucleus from the other parent into a
mature oocyte. If a female gamete nucleus is used,
a haploid somatic nucleus is directly introduced
into a normal oocyte without enucleation. SC
would allow for biparental contribution to the
progeny and create a new and unpredictable com-
bination of genetic traits from both parents similar
to normal fertilization (22). We tested SC directly
by producing mosaic oocytes in medaka. We la-
beled i1-derived HX1a cells (Fig. 2H) with nu-
clear GFP and transplanted their nuclei into
nonenucleated mature oocytes of i3 albino. Just
as the F1 hybrid zygote from normal fertilization
between these two albino strains produces wild-
type pigmentation (fig. S1A), the mosaic oocyte
from the SC procedure would also contain one
HX1a-derived haploid i1 nucleus and one i3 oo-
cyte nucleus and thus might generate offspring
with black pigmentation and GFP expression.
Out of 667 oocytes, 7 reached the hatching stage,
and 3 hatched out to swimming fry (table S4).
These nuclear transplants indeed exhibited black
pigmentation and nuclear GFP in many tissues
(Fig. 4, A to C). One of the nuclear transplant fry
grew into a fertile female (Fig. 4D) that exhibited
continuous GFP expression from the haploid ES
genome and similar pigmentation to the fertiliza-
tion hybrid between i1 and i3 albinos (fig. S1A and
Fig. 4E), demonstrating the functional contribu-
tion from both the oocyte and HX1a nuclei, in-
stead of meiotic genome duplication. We call this
SC-derived fertile nuclear transplant Holly. Holly
showed normal fertility and germline transmission
upon test crosses to both i1 and i3males, producing
four types of F1 progeny: albino or pigmented
and GFP-positive or -negative (Fig. 4, F to I).
Pigmented and albino progeny were segregated
at the Mendelian 1:1 ratio, albeit GFP-positive
progeny represented only 23% (table S5). We
raised the F1 animals to adulthood and examined
their germline transmission again by test crosses.
When crossed to nontransgenic i1 fish, pigmented
F1 animals heterozygous for GFP produced the
same four different phenotypes in F2 generation.
Female and male progeny from Holly were not
different in exhibiting the 1:1 Mendelian segre-
gation of pigmentation and GFP expression in F2
(table S6) and F3 generations (fig. S10), sug-
gesting the absence of apparent parental defects.
Because genomic abnormalities cannot support
embryogenesis to advanced stages in mammals
(22) and medaka (18), the production of Holly
and its germline transmission demonstrates the re-
tention of genetic stability and integrity in medaka
haploid ES cultures. Hence, mosaic oocytes cre-
ated by combining a haploid mitotic nucleus and
a haploidmeiotic nucleus can generate viable and
fertile fish offspring. Holly and its progeny over
three generations show normal embryonic and adult
development (Fig. 4 and fig. S10). Uniparental
diploid ES cell lines have been obtained from
gynogenetic mammalian embryos (23). Whether
mammalian haploid ES cells could be generated
and participate in a normal developmental pro-
gram is unknown.
The lack of haploid human cell lines has led
to alternative approaches such as using unstable
near-haploid leukemia cultures (11) or human-
rodent cell fusions to convert diploidy to hap-
loidy (24). Featuring haploidy and pluripotency,
the medaka haploid ES cell lines we obtained
will provide a unique yeast-like system for directly
analyzing recessive and disease phenotypes in var-
ious cell lineages of a vertebrate in vitro.
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Complete Resequencing of 40 Genomes
Reveals Domestication Events and
Genes in Silkworm (Bombyx)
Qingyou Xia,1,2* Yiran Guo,3* Ze Zhang,1,2* Dong Li,1,3* Zhaoling Xuan,3* Zhuo Li,3*
Fangyin Dai,1 Yingrui Li,3 Daojun Cheng,1 Ruiqiang Li,3,4 Tingcai Cheng,1,2 Tao Jiang,3
Celine Becquet,5† Xun Xu,3 Chun Liu,1 Xingfu Zha,1 Wei Fan,3 Ying Lin,1 Yihong Shen,1
Lan Jiang,3 Jeffrey Jensen,5 Ines Hellmann,5 Si Tang,5 Ping Zhao,1 Hanfu Xu,1 Chang Yu,3
Guojie Zhang,3 Jun Li,3 Jianjun Cao,3 Shiping Liu,1 Ningjia He,1 Yan Zhou,3 Hui Liu,3 Jing Zhao,3
Chen Ye,3 Zhouhe Du,1 Guoqing Pan,1 Aichun Zhao,1 Haojing Shao,3,7 Wei Zeng,3 Ping Wu,3
Chunfeng Li,1 Minhui Pan,1 Jingjing Li,3 Xuyang Yin,3 Dawei Li,3 Juan Wang,3 Huisong Zheng,3
Wen Wang,3 Xiuqing Zhang,3 Songgang Li,3 Huanming Yang,3 Cheng Lu,1 Rasmus Nielsen,4,5
Zeyang Zhou,1,6 Jian Wang,3 Zhonghuai Xiang,1‡ Jun Wang3,4‡
A single–base pair resolution silkworm genetic variation map was constructed from 40
domesticated and wild silkworms, each sequenced to approximately threefold coverage,
representing 99.88% of the genome. We identified ~16 million single-nucleotide polymorphisms,
many indels, and structural variations. We find that the domesticated silkworms are clearly
genetically differentiated from the wild ones, but they have maintained large levels of genetic
variability, suggesting a short domestication event involving a large number of individuals. We also
identified signals of selection at 354 candidate genes that may have been important during
domestication, some of which have enriched expression in the silk gland, midgut, and testis.
These data add to our understanding of the domestication processes and may have applications in
devising pest control strategies and advancing the use of silkworms as efficient bioreactors.
The domesticated silkworm, Bombyx mori,has a mid-range genome size of ~432 Mb(1), is the model insect for the order Lepi-
doptera, has economically important values (e.g.,
silk and bioreactors production), and has been
domesticated for more than 5000 years (2). Be-
cause of human selection, silkworms have evolved
complete dependence on humans for survival (3),
and more than 1000 inbred domesticated strains
are kept worldwide (3). Archaeological and ge-
netic evidences indicate that the domesticated
silkworm originated from the Chinese wild silk-


































Interordinal Chimera Formation Between Medaka
and Zebrafish for Analyzing Stem Cell Differentiation
Ni Hong,1 Songlin Chen,2 Ruowen Ge,1 Jianxing Song,1 Meisheng Yi,1,3 and Yunhan Hong1
Chimera formation is a standard test for pluripotency of stem cells in vivo. Interspecific chimera formation
between distantly related organisms offers also an attractive approach for propagating endangered species.
Parameters influencing interspecies chimera formation have remained poorly elucidated. Here, we report in-
terordinal chimera formation between medaka and zebrafish, which separated *320 million years ago and
exhibit a more than 2-fold difference in developmental speed. We show that, on transplantation into zebrafish
blastulae, both noncultivated blastomeres and long-term cultivated embryonic stem (ES) cells of medaka
adopted the zebrafish developmental program and differentiated into physiologically functional cell types in-
cluding pigment cells, blood cells, and cardiomyocytes. We also show that medaka ES cells express differenti-
ation gene markers during chimeric embryogenesis. Therefore, the evolutionary distance and different
embryogenesis speeds do not produce donor-host incompatibility to compromise chimera formation between
medaka and zebrafish, and molecular markers are valuable for analyzing lineage commitment and cell differ-
entiation in interspecific chimeric embryos.
Introduction
An increasing number of stem cell lines have been de-rived from developing embryos of mouse [1,2], human
[3], and lower vertebrates including fish [4,5]. Chimera for-
mation by cell transplantation into early developing embryo
hosts represents the gold standard assay to test the plur-
ipotency of putative stem cells from several model organisms
including mouse [6–8], chicken [9], and fish [10–13]. Early
embryos undergo cell proliferation, lineage commitment, cell
fate decision, and differentiation. On transplantation into
blastocyst/blastula embryos, blastomeres or embryonic stem
(ES) cell cultures can participate in normal embryogenesis and
contribute to various somatic lineages and the germline
leading to the production of fertile animals in diverse verte-
brate species such as mammals [14,15], birds [16], and fish
[11,12,17–22]. In developmental biology, chimera formation
provides direct evidence for cell-autonomous or nonautono-
mous control [23]. Such experiments usually use intraspecies
chimera formation, because donor cells are transplanted into
host embryos of the same species.
Since the report of chimera formation between sheep and
goats in 1949 [24], interspecific chimera formation (ISCF) has
attracted considerable attention in developmental biology
[25,26]. ISCF remains the only option for testing the plur-
ipotency of stem cells in vivo in certain cases, where host
embryos are rarely available as in nonhuman primates [27]
or even not allowed for chimera experiments as in humans
[28,29]. Recently, ISCF has become an emerging reproductive
biotechnology for animal production in conservation biology
[16,22]. ISCF exploits cell transplantation between closely
related species to propagate endangered organisms. In this
approach, the host and donor species are chosen on their
phylogenetic relationship, the closer the better, because it has
been unclear whether evolutionary distance would com-
promise and even abolish chimera formation. There are cases
where a distantly related species has to be used as the host,
because of the lack of sister species. However, distantly re-
lated species often show considerable differences in embry-
ology and developmental speed. It remains to be determined
whether a difference in developmental speed prevents chi-
mera formation.
In chimeric experiments, a donor-specific marker is re-
quired for tracing the distribution and behavior of donor
cells. Pigmentation is one of the easiest visible markers and
has been widely used in chimera production [11,19,20]. Ge-
netically labeling by using fluorescent proteins green fluo-
rescent protein (GFP) and red fluorescent protein (RFP) has
become a routine tool to visualize donor cells in chimera
[18,19]. The investigation in live embryos of differentiation of
donor stem cells into specialized cells usually relies on the
peculiar phenotypes and location of a limited number of cell
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types, such as pigment cells, skin epithelia, cardiomyocytes,
blood cells, and primordial germ cells [11,13,18–20]. Al-
though these visible markers and cellular phenotypes are
instrumental in chimeric assays, numerous molecular
markers are required for tracing multiple lineage differenti-
ation of donor stem cells into many specialized cell types.
ISCF between distantly related species will allow for the use
of species-specific molecular markers to unambiguously
trace the behaviors and differentiation of donor cells in
various lineages and cell types.
We choose medaka and zebrafish as test organisms for
ISCF. Medaka and zebrafish belong to Cypriniformes and
Beloniformes, which separated *320 million years ago [30].
The genome has been sequenced in both fish species (www
.ensembl.org/index.html). The remarkable phylogenetic
distance coincides with molecular divergence in gene se-
quence. The twin fish models exhibit a more than 2-fold
difference in developmental speed. The genetic distance and
different developmental speeds make the combination of
medaka and zebrafish an excellent model system to study
the biology of ISCF. More importantly, sequence divergence
provides species-specific molecular markers for unambigu-
ously tracing donor cells during lineage commitment and
differentiation by RNA detection.
Medaka and zebrafish are the excellent twin model or-
ganisms for analyzing vertebrate development [31] and stem
cell biology [32–34]. Both species have ideal features for chi-
mera experiments, including daily embryo supply, external
embryology, and transparency for live imaging throughout
embryogenesis. Chimera formation by blastula cell trans-
plantation has been well established in both medaka [13,19]
and zebrafish [11]. In medaka, we have derived diploid
and haploid ES cells [4,5]. Specifically, one of the medaka
diploid ES cell lines, MES1, has been characterized as being
pluripotent in vitro and in vivo. In vitro, MES1 is capable
of spontaneous and directed differentiation [4,35]. MES1
can activate the totipotency-specific mouse Oct4 promoter
and can be maintained free of spontaneous differentiation
[10]. MES1 retains the developmental pluripotency after
stable gene transfer and long-term drug selection [36,37]. In
vivo on transplantation into medaka blastula hosts, MES1
can proliferate and differentiate into many functional cell
types that contribute to various organs [18]. Pluripotency
has also proved medaka haploid ES cell lines including
HX1 being capable of whole animal production via semi-
cloning [5].
This work aimed at the development of ISCF between
medaka and zebrafish to analyze the fate and behaviors of
noncultivated blastomeres and ES cell donors in a heter-
ologous host and to test whether lineage-specific molecular
markers can be explored to study lineage restriction and
differentiation of donor cells.
Materials and Methods
Fish
Work with fish followed the guidelines on the Care
and Use of Animals for Scientific Purposes of the National
Advisory Committee for Laboratory Animal Research in
Singapore (permit number 27/09). Medaka strain HB32C
and zebrafish strain AB were maintained as described
[4,5,18,19,23].
Cell culture
The medaka diploid ES cell line MES1 and haploid ES cell
line HX1 were maintained in ESM4 medium on gelatin-
coated plasticware as described [4,5].
Cell transfection
Cell transfection with pCVpf and pCVpr was performed
in 12-well plates by using the GeneJuice reagent (Novagen)
as previously described [37,38]. Drug selection was per-
formed by using puromycin at 1 mg/mL to cells 18–48 h post-
transfection and terminated by medium change [37]. Pure
populations of stable transgenic cells expressing GFP (HX1)
and RFP (MES1) were obtained by clonal growth and ex-
pansion as described [37].
Cell transplantation
Medaka blastomeres were mechanically dissociated from
embryos at the midblastula stage as described [39]. Single
MES1 cells were obtained by trypsinization [19]. Blastomeres
or MES1 cells were suspended in cell transplantation me-
dium (100mM NaCl, 5mM KCl, 5mM Hepes, pH 7.1).
Zebrafish embryos were collected in zebrafish egg water
(ZEW; 0.3& Instant Ocean Salt containing 2 ppm of methy-
lene blue), treated at the sphere stage for 2min with pronase
E (1mg/mL; Sigma) at 26C for dechorionation, rinsed 5
times, and were arranged in a single row on V-shaped 1.5%-
agarose ramps on 6-cm dishes covered with ZEW containing
antibiotics at 22C until use. Approximately 20 blastomeres
or 200 ES cells were injected into the deep cell layer of each
midblastula recipient [11,19]. The injected embryos were in-
cubated in ZEW at 28C and regularly monitored.
Microscopy
Microscopy was done as described [5,40]. Briefly, live
embryos and fry were visualized using a Leica MZFLIII
stereo microscope equipped with a Fluo III UV-light system
and a GFP2 filter and photographed by using a Nikon E4500
digital camera (Nikon Corp.). For documentation at larger
magnification, live embryos and fry were observed and
photographed on a Zeiss Axiovert2 invert microscope
equipped with a Zeiss AxioCam MRc digital camera and
AxioVision 4 software.
Reverse transcription–polymerase chain reaction
Total RNA was isolated from cell cultures and embryos
and subjected to reverse transcription–polymerase chain re-




Medaka and zebrafish differ considerably in develop-
mental speed. For example, a cleavage needs 35 and 15min
in medaka and zebrafish, respectively. Embryogenesis until
hatching requires 10 days in medaka compared with only 2–
3 days in zebrafish. This difference may raise a potential
barrier for chimera formation between the 2 species. To test
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the possibility for ISCF between medaka and zebrafish,
we first performed embryo-embryo chimera formation by
transplanting noncultivated medaka blastomeres into zeb-
rafish midblastula hosts. We utilized pigmentation as a
marker to monitor the survival and differentiation of medaka
donor blastomeres in the zebrafish host. In medaka, the
pigment lineage comprises of melanin-producing black
melanocytes and other autofluorescent pigment cells such as
guanophores [18–20]. These pigment cells became visible
after 3 days postfertilization (dpf), as illustrated in Fig. 1A
and A’. The zebrafish embryo has melanocytes until 2 dpf
and lacks autofluorescent pigment cells (Fig. 1B, B’).
By transplanting*20 medaka blastomeres into each of the
82 zebrafish blastula embryo hosts, we obtained 54 survivors
FIG. 1. Chimera formation between medaka blastomeres and zebrafish embryos. (A and A’) Micrograph of a 3-day-old
embryo of medaka strain HB32C, showing black-pigmented melanophores (A) and autofluorescent guanophores (asterisks;
A’). (B and B’) Micrograph of a 3-day-old zebrafish embryo, showing black pigmentation in the eye (B) and the absence of
autofluorescent cells (B’). (C) Micrograph of 2-day-old chimeric embryos, showing medaka blastomere-derived auto-
fluorescing guanophores (asterisks) in zebrafish hosts. (E–I) Micrographs of a chimeric fry at 5 days postfertilization (dpf),
showing the presence of 2 clusters of guanophores in the trunk (asterisk) and dorsal head surface (frame) of the chimera (E).
The medaka guanophores (arrows) are yellow and brown in color under bright field optics (F), and are positive for yellow (G),
green (H), and red fluorescence (I) under fluorescent optics. ( J–L)Merged micrographs of a posthatching chimeric fry at 5 dpf,
showing guanophores in the eye (circle). Color images available online at www.liebertonline.com/scd
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at 1 dpf, giving rise to a 66% survival rate, which is slightly
lower than *80% for noninjected, dechorionated zebrafish
control embryos. We found donor-derived autofluorescing
pigment cells in 43 out of the 54 survivors (Fig. 1C), pro-
ducing an 80% efficiency for pigmented chimera formation.
Certain autofluorescent cells turned out to be guanophores,
because they became brown colored on the body surface of
chimeric fry at 5 dpf (Fig. 1E–I). Autofluorescent guano-
phores were also seen in the eye of chimeric host embryo
(Fig. 1J–L). Notably, the appearance of donor-derived me-
daka guanophores in zebrafish embryos occurred at 2 dpf
when endogenous pigmentary cells of the zebrafish became
visible, which is earlier than 3 dpf required for the appear-
ance of donor-derived medaka pigmentary cells in the
medaka embryo host [18,20]. Taken together, ISCF by
embryo-embryo transplantation is efficient between medaka
and zebrafish, and medaka donor blastomeres appear to
adopt the developmental program of the zebrafish host for
pigmentary cell differentiation.
ES cell-embryo transplantation
We furthered our experiments to ES cell-embryo trans-
plantation. As the donors, we used the haploid ES cell line
HX1 [5] and diploid ES cell line MES1 [4], which were la-
beled with GFP and RFP, respectively, and co-transplanted
at a 1:1 ratio into zebrafish blastula hosts (Fig. 2A, B). In total,
we transplanted 61 zebrafish blastulae and obtained 43 sur-
vivors at 1 dpf, producing a 70% survival rate. All the sur-
vivors had both HX1 and MES1 cells that were distributed
widely over the surface of entire embryos at 1 dpf (Fig. 2C,
D), 2 dpf (Fig. 2E, F) and 3 dpf (Fig. 2G, H). Therefore,
transplanted medaka ES cells do not compromise the sur-
vival rate and development of zebrafish host embryos, and
are able to participate in the chimeric embryogenesis.
We wanted to examine the ability and time course of
medaka ES cells’ differentiation into a terminally differenti-
ated cell type in the zebrafish host. To this end, we focused
our attention on cardiomyocytes of the heart because of
FIG. 2. Chimera formation between medaka embryonic stem (ES) cells and zebrafish embryos. (A and B) Micrograph of a
zebrafish embryo host, showing transplanted medaka haploid ES cell line HX1 (green; A) and diploid ES cell line MES1 (red;
B). (C andD) Micrograph of 1-day-old chimera, showing similar distribution of HX1 (C) and MES1 (D). (E and F) Micrograph
of 2-day-old chimeras, showing wide distribution of HX1 (E) and MES1 (F). (G and H) Merged micrograph of a 3-day-old
chimera, showing a similarly wide distribution of HX1 and MES1 donor cells. Scale bars, 100mm. Color images available
online at www.liebertonline.com/scd
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the ease with which physiologically functional cells can un-
ambiguously be identified by rhythmic contraction. On
transplantation into the zebrafish host at the blastula stage,
RFP-labeled MES1 cells were found in the heart when they
formed at 1 dpf (Fig. 3A, B). Evidence for differentiation into
functional cardiomyocytes came from the observation that
these RFP-labeled MES1 derivatives were indistinguishable
from the host cardiomyocytes in cellular phenotype and
rhythmic contraction of the pumping heart in chimeric em-
bryos during different stages ranging from 1 dpf (Fig. 3A, B)
over 2 dpf (Fig. 3C, D) and 5 dpf (Fig. 3E) to 10 dpf (Fig. 3F).
We also observed MES1 derivatives outside the heart (Fig.
3A–F). In addition, MES1 was able to produce blood cells in
circulation at 1 dpf when it commenced (data not shown).
In medaka, the heart contraction and blood circulation com-
mence until 2 dpf [36]. Therefore, medaka ES cells are able to
FIG. 3. Medaka ES cell donors adopt the zebrafish developmental program. Red fluorescent protein (RFP)-labeled MES1
cells were transplanted into zebrafish blastulae and monitored for differentiation into cardiomyocytes in the heart. (A–D)
Micrographs of chimeras at the lateral view at 1 dpf (A and B) and 2 dpf (C, D). (D) Larger magnification of the area framed
in (C), highlighting MES1-derived cardiomyocytes in the heart. (E)Micrographs of chimeras at the dorsal view, highlighting a
reduction in the relative MES1 signal in 3 areas (a, b and c) and the heart (circled) from 5 dpf (E) to 10 dpf (F). One and the
same chimera at different days of development is shown in (B–F). The anterior is to the left. Asterisks depict MES1 derivatives
outside the heart. ey, eye; ht, heart; so, somites; tl, tail; ys, yolk sac. Micrographs are merges between red fluorescent optics
and bright-field optics. Scale bars, 100mm. Color images available online at www.liebertonline.com/scd
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adopt the developmental program of the zebrafish host for
differentiation into functional heart cells and blood cells.
Survival and persistence of medaka ES cell
derivatives in zebrafish host
Due to differences in speed and time period of embryonic
development, we were interested in determining the be-
havior of medaka ES cell derivatives in developing zebrafish
embryos and larvae. We noticed that the relative MES1
contribution was essentially unchanged from 1 dpf (Fig. 3B)
to 2 dpf (Fig. 3D). However, we observed a reduction in
the relative signal of MES1 derivatives inside and outside
the heart of chimeric larvae from 5 dpf (Fig. 3E) to 10 dpf
(Fig. 3F). In addition, 1 area of MES1 derivative, area c,
disappeared when development proceeded from 5 dpf (Fig.
3E) to 10 dpf (Fig. 3F). In zebrafish, hatching occurs at 2–3
dpf. Thus, 5 and 10 dpf are equivalent to 2–3 and 7–8 days
posthatching, respectively. These results suggest that me-
daka ES cell derivatives become diluted during late em-
bryogenesis and posthatching development.
Molecular analyses of ES cell differentiation
in zebrafish host
Finally, we were interested in the use of molecular
markers to investigate ES cell differentiation in the heter-
ologous host. To this end, zebrafish and medaka control
embryos and chimeras produced between MES1 cells, and
zebrafish hosts were subjected to an RT-PCR analysis of
the expression of lineage markers by using medaka cDNA-
specific primers (Fig. 4). Of 6 genes analyzed, the ectodermal
marker eed and mesodermal marker myf5 are expressed at
a moderate and low level in ES cells, respectively; both of
them became dramatically up-regulated in chimeric em-
bryos; whereas the 4 remaining genes, namely the ectoder-
mal marker gfap [33], the mesodermal marker ntl (no tail or
brachyury [42]), the endodermal marker sox17 [43], and the
neural crest marker mitf [35], were absent in MES1 cells and
zebrafish controls but easily detectable in medaka controls
and, more importantly, the interspecific chimeras at 1–3 dpf
(Fig. 4A).
RT-PCR analysis revealed that the 6 genes examined did
exhibit considerable differences in temporal expression pat-
terns during medaka embryogenesis (Fig. 4B). Specifically,
sox17 is maternally supplied, whereas the transcripts of ntl,
gfap, eed, myf5, and mitf1 were detectable until 4, 7, 12, 24,
and 72 hpf, respectively, when embryogenesis reaches the
early morula (stage 8), midblastula (between stages 10 and
11), early gastrula (stage 13), late gastrula (stage 16), and
somitogenesis (32 somites between stages 28 and 29). These
data suggest that the onset of marker expression may far
precede the actual commitment of germ layers and cell lin-
eages and the appearance of differentiated cell types in me-
daka. Specifically, mitf expression is detectable at 2 dpf in
FIG. 4. Molecular analyses of me-
daka ES cell differentiation in zebrafish
host. (A) After transplantation at the
blastula stage with medaka haploid ES
cell line HX1, zebrafish, and medaka
embryos were collected at day 1–7
(D1–D7) postfertilization and sub-
jected to reverse transcription–poly-
merase chain reaction (RT-PCR)
analysis of gene expression profiles by
using primers specific to medaka
cDNAs, except for b-actin primers that
amplify the b-actin cDNA of both me-
daka and zebrafish. The haploid ES
cell line HX1 clone HX1a and non-
transplanted embryos of medaka and
zebrafish were used for comparisons.
For b-actin, PCR was run for 28 cycles
with 25 ng of cDNA. For other genes,
PCR was run for 38 cycles with 25 ng
of cDNA (HX1 cells, zebrafish, and
medaka embryos) and for 40 cycles
with 100 ng of cDNA (chimeras). (B)
Medaka embryos. Time course of gene
expression was examined in develop-
ing embryos at indicated intervals in
hours postfertilization. neg, negative
control PCR without cDNA. For b-ac-
tin, PCR was run for 28 cycles with
25 ng of cDNA. For other genes, PCR
was run for 35 cycles with 25 ng of
cDNA except for mitf1, which was run
for 38 cycles with 50 ng of cDNA.
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medaka embryos but at early as 1 dpf in chimeric embryos,
indicating that medaka ES cell donors are capable of adopting
the zebrafish host program at the molecular level.
Discussion
In this study, we have established ISCF between medaka
and zebrafish, the most popular lower vertebrate models for
the experimental analysis of vertebrate development and
stem cell biology. We show that a distant evolutionary dis-
tance of 320 million years and a salient difference in devel-
opment speed do not compromise chimera formation and
proper differentiation of donor cells in a heterologous host
environment. Strikingly, by using pigmentary cells, blood
cells, and cardiomyocytes as easily identifiable cell types in
phenotype, we reveal that medaka stem cells, either non-
cultivated blastomeres or ES cell cultures, are capable of
adopting the developmental program of the heterologous
host for differentiation into physiologically functional cell
types that are properly integrated into the host organ
systems.
A critical parameter for ISCF is the donor-host compati-
bility. Factors that determine this compatibility have re-
mained poorly understood. Chimeras have successfully been
produced in several combinations of organisms, including
birds of different genera [16,25,26], fish of different genera
[22], and even between mouse and chicken [44]. However,
ISCF in mammals appears to be more complicated. On the
one hand, human ES cells can engraft into mouse blastocysts,
where they proliferate and differentiate in vitro and persist in
chimeric embryos that implant and develop in the uterus of
pseudo-pregnant foster mice [29]. On the other hand, in in-
terspecific chimeras similarly produced between monkey ES
cells and mouse embryos, the donor ES cells engraft into
mouse preimplantation embryos but not postimplantation
fetuses [27]; and production of intergeneric chimeras be-
tween mice and voles did not succeed [45]. These studies
suggest that the phylogenetic distance does not prevent ISCF
in general. The medaka-zebrafish combination used in this
study represents the most distant organisms thus far tested
for ISCF. Our success in ISCF by using either medaka blas-
tomeres or ES cells in zebrafish hosts clearly demonstrates
that a great evolutionary distance does not necessarily pro-
duce donor-host incompatibility to prevent ISCF in fish. In
this regard, medaka and zebrafish may provide a versatile
host ideal for testing the pluripotency of putative stem cells
from various fish species by ISCF. In support of this notion is
the report that ES-like cells from the sea perch (Lateolabrax
japonicus) are able to engraft into zebrafish embryos [46].
Several other factors may also be responsible for donor-
host compatibility. A difference in cell cycle length, for in-
stance, has been proposed to preclude primate ES cells from
participation in development after implantation [27]. In this
case, the development speed also differs significantly be-
tween rodents and primates: Blastocysts develop within 3.5–
4 days in mice but 5–6 days in humans and a week or more
in monkeys. It is likely that differences in the cell cycle affect
the relative proliferation of monkey ES cells within the
mouse embryo. It is also worth mentioning that mouse
gestation is around 3 weeks, whereas monkeys require over
a half-year. Similar differences in cell cycle, developmental
speed, and duration of embryogenesis also exist between
medaka and zebrafish. Therefore, our finding that medaka
ES cells are able to adopt the zebrafish developmental speed
demonstrates that these differences do not abolish the donor-
host compatibility. In this regard, the medaka-zebrafish
combination is similar to the primate-mouse situation in
transplanting slowly dividing/developing cells into a fast
developing host. In fact, we have previously shown that a
cell cycle difference between donor cells and host embryos
does not prevent intra-species chimera formation [20].
Indeed, we have observed the reduction in, and even loss
of, medaka ES cell derivatives in posthatching larval chi-
meras. The doubling time for MES1 cells in culture is 44–48 h
[4,5]. The cleavage cell cycle in the zebrafish host embryo is
15min until the midblastula stage when cell transplantation
is performed. Our finding that medaka ES cell donors can
adopt the zebrafish developmental program for differentia-
tion strongly suggests that the cell cycle difference has little
influence on the differentiation of donor ES cells during early
embryogenesis. Our observation that the medaka ES cell de-
rivatives are diluted and even lost during posthatching de-
velopment suggests a potential role for the cell cycle difference
in the proportional donor contribution in chimeras at ad-
vanced stages of development. The cell cycle length in sub-
sequent stages of zebrafish development remains unknown,
but apparently must be much quicker than for cultured ES
cells, as evidenced by a rapid increase in cell number during
gastrulation and organogenesis. The fact that medaka ES cell
derivatives persist throughout zebrafish embryogenesis points
to the usefulness of medaka-zebrafish chimeras for analyzing
differentiation of stem cells in vivo.
The chromosome ploidy level plays a role for ES cells’
contribution in mammalian chimeras. In mouse aggregation
chimeras, for example, tetraploid embryonic cells are con-
fined to extraembryonic compartments, whereas diploid ES
cell donors are limited to the inner cell mass [8]. Previously,
we have shown that medaka haploid ES cells are indistin-
guishable from their diploid counterparts in growth and
wide embryonic contribution in the medaka host [5]. In this
study, we have also observed a similarly wide contribution
for medaka haploid and diploid ES cells in the heterologous
zebrafish host. Therefore, a difference in chromosome ploidy
does not affect donor-host compatibility and the ability of ES
cells to adopt the host developmental program for proper
differentiation.
ISCF as an emerging reproductive biotechnology for ani-
mal production in conservation biology has so far been tested
between closely related species, for example, between the
pheasant and chicken [16] and between the rainbow trout and
salmon [22]. A critical issue for this approach in ISCF between
distantly related species is the ability of donor cells to persist
throughout embryonic and postembryonic development. The
zebrafish embryo hatches at 2–3 dpf. In this study, we have
made our observation up to 2–3 days posthatching (namely 5
dpf) for embryo/embryo chimeras and up to 7–8 days post-
hatching (namely 10 dpf) for ES cell/embryo chimeras. We
reveal the survival and functionality (eg, beatingmuscles in the
heart) of medaka cells in zebrafish embryos and posthatched
fry. Future work is needed to examine whether medaka cells
can persist throughout development into adulthood.
ISCF between medaka and zebrafish provides an obvious
advantage in practice. The medaka embryo has a tough cho-
rion that is a barrier for cell transplantation. Dechorionation
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requires the use of a hatching enzyme preparation from a
large number of hatching embryos [18–20], which represents a
tedious step for chimera formation in medaka. The chorion of
zebrafish embryos is thin and can easily be removed by using
the commercially available pronase E, as we have demon-
strated in this study. Therefore, chimera formation in zebra-
fish is robust. In addition, the speed of zebrafish
embryogenesis is faster, allowing for observation throughout
embryonic development within 3 days compared with 10
days in medaka. Our observation that medaka blastomeres
and ES cells can cope with the zebrafish program of embry-
onic development suggests the usefulness of this ISCF system
in studying the pluripotency of heterologous stem cells in
zebrafish.
Although chimera formation provides a unique opportu-
nity to identify as many different types of differentiated cells
as possible and to analyze the time course of their differenti-
ation during chimeric embryogenesis, the identification and
analysis remain an elusive challenge in stem cell biology. An
ideal approach will be the use of many species-specific mo-
lecular markers characteristic of different germ layers, line-
ages, and cell types. In this study, we show that medaka
donor ES cells are indeed able to express several marker genes
of germ layers and cell types. Importantly, we show that the
expression of medaka mitf1 as a marker of melanocytes of
the neural crest origin becomes already detectable in 1-day-
old chimeras comparable to 3 dpf in medaka. Divergent se-
quences and proper expression of donor genes associated
with differentiation make medaka and zebrafish an excellent
system for studying chimera biology and analyzing cell fate
decision and differentiation of pluripotent stem cells by ISCF.
Conclusion
We have demonstrated the successful interordinal chimera
formation between distantly related medaka and zebrafish.
We reveal that medaka blastomeres and ES cells adopt the
developmental program of the host for differentiation into
physiologically functional cells. Most importantly, we show
that lineage restriction and cell differentiation can be easily
analyzed by detecting the expression of donor-specific mo-
lecular markers. We anticipate that ISCF between medaka
and zebrafish provides a useful tool for analyzing lineage
commitment and cell differentiation of stem cells in vivo.
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